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Abstract
Exploring the Electronic Landscape at Interfaces and Junctions in Semiconductor Nanowire Devices
with Subsurface Local Probing of Carrier Dynamics.
Terrence McGuckin
Jonathan E. Spanier
The solid state devices that are pervasive in our society are based on building blocks composed of
interfaces between materials and junctions that manipulate how charge carriers behave in a device.
As the dimensions of these devices are reduced to the nanoscale, surfaces and interfaces play a
larger role in the behavior of carriers in devices and must be throughly investigated to understand
not only the material properties but how these materials interact. Separating the effects of these
different building blocks is a challenge, as most testing methods measure the performance of the
whole device.
Semiconductor nanowires represent an excellent test system to explore the limits of size and
novel device structures. The behavior of charge carriers in semiconductor nanowire devices under
operational conditions is investigated using local probing technique electron beam induced current
(EBIC). The behavior of locally excited carriers are driven by the forces of drift, from electric fields
within a device at junctions, surfaces, contacts and, applied voltage bias, and diffusion. This thesis
presents the results of directly measuring these effects spatially with nanometer resolution, using
EBIC in Ge, Si, and complex heterostructure GaAs/AlGaAs nanowire devices.
Advancements to the EBIC technique, have pushed the resolution from tens of nanometers down
to 1 to 2 nanometers. Depth profiling and tuning of the interaction volume allows for the separat-
ing the signal originating from the surface and the interior of the nanowire. Radial junctions and
variations in bands can now be analyzed including core/shell hetero-structures. This local carrier
probing reveals a number of surprising behaviors. Most notably, directly imaging the evolution of
surface traps filling with electrons causes bandbending at the surface of Ge nanowires that leads
to an enhancement in the charge separation of electrons and holes, and enabling the extraction of
different characteristic lengths from GaAs and AlGaAs in core/shell nanowires.
xvii
For new and emerging solid state materials, understanding charge carrier dynamics is crucial to
designing functional devices. Presented here are examples of the wide applicability of EBIC and its
variants, through imaging domains in ferroelectric materials, local electric fields and defects in 2D
semiconductor material MoS2, and gradients in doping profiles of solar cells. Measuring the local
behavior of carrier dynamics, EBIC has the potential to be a key metrology technique in correlative
microscopy, enabling a deeper understanding of materials and how they interact within devices.
ABSTRACT

1Chapter 1: Introduction
When we think about how modern society functions, one of the first things that
comes to mind are the electronic devices, smart phones, tablets and computers,
that connect us to each other, allow us to communicate and organize, and drive our
economies. Each of these contain billions of solid-state devices that make up the
semiconductor chips, displays, light emitting diodes, and sensors.
We will rely increasingly on technologies based on solid-state devices, solar cells
to generate renewable energy, power electronics to distribute that energy, solid state
lasers to enable communication over fiber optics, light emitting diodes to light our
homes and cities. These enabling technologies at the most fundamental level rely
on the physics of solid state devices. The basic building blocks of these devices come
from the material properties of their crystal structures.
To go from the basic properties of materials to how we make devices we have
to consider how to change the behavior of semiconductors and manipulate their
conduction, energy gaps and fields. Doping, adding impurities to the crystal lattice
to either donate and electron or accept an electron, is one of the most fundamental
methods of changing the behavior of semiconductors and building devices allowing
us to tune properties of the semiconductor and change its conduction and energy
levels. Junctions between semiconductors that are doped differently or have differ-
ent compositions, insulators, and metals allow us to design and build devices. A
homo-junction is the simplest type of device and consists of a junction between a
2p-type and n-type semiconductor.
Hetero-junctions are formed when taking two semiconductors with different
compositions and putting them in contact with each other. Hetero-junctions are the
core of many semiconductor devices particularly opto-electronics, LEDs and room
temperature solid state lasers where they are used to form quantum wells and form
super-lattices.
Metal semiconductor junctions can either form and energy barrier and can be
used to make a diode, or have no barrier or a tunneling contact where we can make
a ohmic contact to a material.
Finally the most important junction that has been most widely used is the metal-
insulator-semiconductor junction, which is the foundation of the metal oxide semi-
conductor field effect transistor. The most famous of which is the SiOx-Si interface
that is used throughout the integrated circuit industry and how Silicon Valley got
its name.
Conceptually, these building blocks are easy enough to understand and are pre-
dictable in the simple picture of putting these materials together. However, many of
the assumptions that guide the design of these devices break down at the interfaces
between materials and surfaces where the assumption of an infinite periodic struc-
ture is no longer valid. At these interfaces there can be dangling bonds can have
states that lie within the band gap of the material and are a source of traps, places
where charge is trapped and can be a source or sink of carriers.
Crystalline defects present another challenge to our assumptions, since they can
locally contain far more charge than the surrounding material and its doping level.
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3At these defects we cannot assume the same paths of conduction for carriers. Elec-
trically active defects have discrete energy states that sit in a quantum well, many of
which reside in the band gap resulting in complex behavior that is hard to predict.
With the size of devices getting smaller, the thickness of layers is also getting
much thinner, approaching only a few mono-layers of material. The devices are
not limited to being fabricated in 2D layers: with the invention of the FinFET, most
current integrated digital semiconductor chips are fabricated in 3D structures.
As we explore the limits of finite dimensions of solid state devices, these in-
terfaces, surfaces and defects play a dominant role in device performance as the
number of states can greatly exceed the doping levels of the material. We need
an imaging technique that can separate the response of junctions and interfaces
spatially and operate on a functioning device, and be able to characterize the ef-
fects they have on internal electric fields and the operation of the device. We need
a functional imaging technique that can probe subsurface effects with nanometer
scale resolution. If our goal is to probe both surfaces and the internal structure of
nano-scale devices, we must use a method of locally exciting carriers. The electron
beam of a scanning electron microscope (SEM) provides the local probe that meets
these criteria.
1.1 Thesis Synopsis
To understand the internal fields and dynamics of carriers and the effects of in-
terfaces we electrically contact the device and measure the electron beam induced
current (EBIC). Measuring the EBIC signal, we can directly image junctions in a
material and depletion regions. Outside the depletion region, we can extract the
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4diffusion of minority carriers, electrons in a p-type doped material and holes in a
n-type doped material. Chapter 2 is an introduction to solid state devices. Chapter
3 provides an introduction a detailed explanation of EBIC and what can be learned
with different devices.
To understand the effects of reduced dimensions and spatially confined struc-
tures we examine a number of test systems based on nanowires to look at the ef-
fects of different operating conditions and see how the response of the semiconduc-
tor nanowire changes. We examine three different device structures: germanium
metal-semiconductor-metal (MSM) nanowires with Schottky contacts, GaAs/AlGaAs
radial heterostructures with ohmic contacts, and silicon nanowire metal-insulator-
semiconductor devices.
In the germanium nanowire MSM device, we explore the evolution of response as
we increase an applied bias and fully deplete the channel. After sufficient external
bias is applied and the channel is fully depleted, we study the effects of gating and
higher bias to understand the onset of pre-breakdown behavior in structures that
have limited dimensions. In bulk devices these effects extend over a larger area and
the concentration of carriers is different. We detected a permanent change in the
nanowires that we attribute to impact ionization damage that was still present at
reverse polarity and lower voltages.
Radial structures in nanowires present a great challenge in characterization.
There have been a number of proposed devices with radial structures that allow
for quick separation of carriers particularly in optoelectronic devices such as solar
cells. The GaAs/AlGaAs structure nanowire gives us the opportunity to study a sam-
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5ple that not only has a complex geometry but also has a Type I heterostructure with
the AlGaAs having a different bandgap and mobilities for carriers than the GaAs.
The challenge with this type of sample is how to know where the signal is coming
form and which carriers are you measuring. We utilize electron flight simulations
with the geometry of the nanowire to produce simulated radial profiles of where the
carriers are being created and use this to extract am-bipolar drift-diffusion lengths
for both the outer shell material AlGaAs and the core material GaAs.
The last type of interface we explore is a silicon nanowire device that has a radial
metal insulator semiconductor MIS junction. Like the radial PN junction this struc-
ture can also lead to a quick extraction of carriers before they can recombine. The
doping level is key to understanding the extent of where the depletion region will
form. It is vital then to have a known doping concentration. This is a challenge in
using nanowires grown using the vapor-liquid-solid growth technique. To simplify
this we produce wire using a known doping concentration by etching them from a
Si wafer using the metal assisted chemical etching (MACE).
Nanowires and other structures produced using the MACE technique can have a
very clean interface and very deep structures, not accessible with other techniques.
The fabrication and design of MIS nanowires test structures is detailed in Chapter
4. The EBIC analysis of Si MIS nanowires is detailed in Chapter 8, where we discuss
effects of band-bending and carrier inversion on nanowire structures of reduced
dimension and carrier inversion.
To explore these systems with the resolution to examine the interfaces and con-
fined dimensions we had to push the limits of detection beyond what was possible
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6with current methods. We had to increase the spatial resolution, detection level,
dynamic range and signal to noise ratio.
With these advances we were able to extend the use of this technique to applica-
tions not previously accessible. In Chapter 9, we will explore using electron beam
absorbed current (EBAC) we are able to image domains in bismuth ferrite BFO and
PZT, which are correlated with results form piezo force microscopy (PFM) measure-
ments, even level though the signal between domains was less than 500 fA. With 2D
electronic materials MoS2 we are able to provide bias and image folding of layers
even though the interaction volume is significantly smaller than any other material
system we have used. In traditional Si solar cells we have imaged not only the P-N
junction, but we also detected smaller variations that reveal the effects of dopants
counteracting each other in the graded doing profile.
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The importance of semiconductors, in realizing the applications and devices, is the
ability to change their behavior through altering their energy states and behavior of
charges inside them. Semiconductors have the ability to interact with light absorb-
ing energy and emitting it in the visible spectrum. This allows to make light, LEDs
and lasers, and electricity, solar cells and thermo-electrics, in the most efficient way
possible.
In this chapter we explore the origin of processes taking place in semiconductor
materials devices and the basic building blocks that allow us to make devices. Un-
derstanding these fundamentals will allow us to interpret the results and effects we
show in Chapters 5, 6, and 7.
2.1 Band Theory
The periodic structure of the crystal lattice and the behavior of electrons in that
structure allow us to predict whether a material is a metal, insulator, or semicon-
ductor. The theorem most applicable to understanding semiconductors that allows
us to predict their optical and electronic properties is the Bloch theorem, which
describes the behavior of electrons as a wave in a periodic potential due to the
arrangement of atoms in a crystal in k space (Fourier space).
The Kronig-Penney model treats electrons in a one dimensional case that con-
siders the behavior of electrons in a periodic potential U0 allowing us to calculate
the energy of electrons as a function of k. Once we can establish the relationship
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Figure 2.1: Band structure (a)Si, (b) GaAs. Bandgap shown in grey, adapted from1
between energy E and momentum k we can treat electrons as free using Newton’s
equations with momentum and an effective mass. This approximation makes it
easier to design devices with the desired properties, selecting the effective mass at
energy minima in the conduction band for electrons and the energy maxima in the
valence band for holes.These two points determine the band gap. Using the effec-
tive mass we can predict the force E-fields exert on electrons as they move through
a material.
2.2 Doping and the Fermi level
The Fermi level for an intrinsic semiconductor lies in the middle of the band gap. It
defines the point where half of the states will be filled above and below. It can be
obtained by realting Eq. 2.1 and 2.2.
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n = NCexp
(
− EC − EF
kT
)
(2.1)
p = NV exp
(
− EF − EV
kT
)
(2.2)
The Fermi level EF will shift towards the conduction band for n-type or valence
band p-type doping,(Fig.2.2). As with the intrinsic semiconductor, the Fermi level
in extrinsic semiconductors is the point where the states have a probability of being
half filled, accounting for why it shifts towards the conduction band or valence band
depending on the doping type. At thermal equilibrium the Fermi level in each of
the p-type portion and the n-type portion allows us to predict the built in potential
of the junction. In junctions the Fermi level will remain constant across the device
in thermal equilibrium, and under bias or excitation we have quasi Fermi levels
for each type of carrier. At equilibrium the number of carriers in a device will be
governed by the intrinsic level with the following relationship
n2i = p ∗ n (2.3)
The total number of carriers will both n and p will always be equal to the num-
ber of intrinsic carriers squared, as illustrated in Fig. 2.2 in the number of carriers
for each type of doping. If n ∗ p is > n2i in a region, than recombination processes
will dominate. If n ∗ p is < n2i in a region, than generation processes will dominate.
This only happens when the device is out of equilibrium and is driven by an exter-
nal source. For LEDs carriers are injected from the contacts and recombination is
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the dominate process. For solar cells a depletion region means there are very few
carriers and the level is less than n2i , and generation processes dominate.
2.3 Transport Dynamics in Devices
The movement of carriers in semiconductors are primarily concerned with drift due
to the force exerted on carrier, electron or hole, by an electric field and through
diffusion of carriers from high concentration to a lower concentration. The drift
velocity with the units of cm2/V − s is defined as
vd = µE (2.4)
Acoustic phonons and ionized impurities greatly affect the mobility of carriers
in polar semiconductors Ge and Si through scattering events. This means it can
by described by mean free time, which takes into account the effective mass of the
carrier.
µn,p =
qτm
m∗
(2.5)
For semiconductors the drift current taking into account the contribution of holes
and electrons is defined as
J = q(µnn+ µpp)E (2.6)
Drift currents are present in devices with an applied electric field that is external
and from built in potentials such as the PN junction discussed in section 2.4.1 and
can be caused by the local injection of carriers .
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The other key component that must be discussed in probing the local electrical
properties is diffusion of carriers. When locally there is a higher concentration of
electrons, the flux is governed by Fick’s law
d∆n
dt
∣∣
x
= −Dnd∆n
dx
(2.7)
and holes
d∆p
dt
∣∣
x
= Dp
d∆p
dx
. (2.8)
The current due to this flux for electrons is
Jn = qDn
d∆n
dx
(2.9)
and holes
Jp = −qDpd∆p
dx
. (2.10)
The relationship between the diffusion coefficient and mobility is from the Ein-
stein relation, by setting the drift component to to equal the diffusion component
in a semiconductor without an external field, but with nonuniform doping.
The Einstein relation for electrons and holes is given by
Dn =
(
kT
q
)
µn (2.11)
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Dp =
(
kT
q
)
µp (2.12)
Finally, another important parameter and metric is the diffusion length defined
as
Ld =
√
Dτ. (2.13)
2.3.1 Recombination and Generation
The net difference between recombination and generation rates is how we can mea-
sure the local changes in semiconductors and allow us to map the separation of
charge. This local difference is what drives the observable current. The recombina-
tion rate is directly related to the light that can be collected in cathodeluminescence.
2.3.2 Current Density Equations
At steady state conditions taking both the drift and diffusion components to current
for electrons and holes we have
Jn = qµnnE + qDn∇n (2.14)
Jp = qµppE − qDp∇p. (2.15)
2.3.3 Continuity Equations
For time dependent relations, the continuity equations from electrons and holes are
needed to account for low level injection, generation and recombination and the
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current flowing into and out of a region. The source of the generation rates Gn and
Gp are caused from external influences: light, impact ionization, and in the case of
our interests the local carriers generated by an electron beam. These are given by
∂n
∂t
= Gn − Un + 1
q
∇ · Jn (2.16)
∂p
∂t
= Gp − Up − 1
q
∇ · Jp (2.17)
For the one dimensional case and low level injection condition, which is the
condition that we are operating under in the experiments described in this thesis,
Equations 2.16, 2.17 reduce to
∂np
∂t
= Gn − np − np0
τn
+ npµn
∂E
∂x
+ µnE
∂np
∂x
+Dn
∂2np
∂x2
(2.18)
∂pn
∂t
= Gp − pn − pn0
τp
− pnµp∂E
∂x
− µpE∂pn
∂x
+Dn
∂2np
∂x2
. (2.19)
For clarity np denotes electrons as the minority carriers in a p-type material,
and pn are holes in n type material. These equations 2.18, 2.19 and the boundary
conditions of the specific device are what govern the EBIC response that we observe.
This is how EBIC is sensitive to the electric fields and carrier dynamics inside a
device. This is relationship allows for EBIC to image depletion regions and diffusion
lengths of minority carriers. In subsequent chapters we make assumptions that are
device specific to interpret the EBIC response.
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2.4 Device Building Blocks
Making semiconductors into devices involves controlling the behavior of charge car-
riers inside the material. This is done through controlling the number of carriers,
the fields with in a device by making junctions, and energy bands. Manipulating
these variables we can make certain processes dominant in a device a realize dif-
ferent effects. The devices studied in Chapters 5, 6, and 7 all have aspects of these
basic building blocks.
2.4.1 PN Junction
The PN junction forms the basis of most semiconductor devices and the physics of
how we understand them. This junction is solely controlled through doping of the
materials by adding impurities that have levels close to the valence band in the
case of p-type doping that accept an electron, or close to the conduction band by
donating an electron to the lattice. The E-field that forms at the PN junction is
the simplest to understand in terms of behavior and serves as an excellent example
when consider local probing techniques.
At the junction, the donor and acceptor atoms are exposed and cause a space
charge region or depletion region to form. The charge with in the depletion region
creates an electric field that separates electrons and holes. Integrating the electric
field over the depletion region gives us the built-in potential ψbi. In the energy
band diagram, the built-in potential determines the band bending in the depletion
region of the PN junction. At thermal equilibrium, the Fermi level Ef remains
constant throughout the device. The PN junction is the basis of all LEDs and most
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Figure 2.3: Schematic of an abrupt PN junction. (a) Carrier concentration for holes and elec-
trons on either side of PN junction with p-type and n-type section and space charge region (b)
Charge Q from donor and acceptor atoms (c) E field (d)Built in potential ψbi , integral of E field
(e) Band diagram of abrupt junction with intrinsic, Ei and Fermi level Ef labeled.
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photovoltaic devices. PN junctions are also found in all CMOS transistors.
2.4.2 Hetero-Junctions
The interface between two materials with different band gaps is a hetero-junction.
In type I hetero-junctions the band gap of one material lies withing the band gap
of the other. The junction represents an important building block that can be used
to engineer bands within a material. The band engineering can be used to create
quantum wells inside a material these have wide applications in LEDs Solar cells
and room temperature lasers.
In heterojunctions as with PN junctions the bending of the bands happens at
the interface. When different doping regions are brought together in contact Fermi
levels become aligned. In Chapter 6, a radial hetero-junction of AlGaAs and GaAs
in nanowires is studied in detail.
2.4.3 Metal Semiconductor Contacts
Metal semi conductor contacts can be rectifying as with the case of a PN junction.
The junction is the result of difference of electron affinity and the vacuum level.
Materials can be blocking to one type carrier. As with the PN junction, the Fermi
levels of the semiconductor and the metal align. Shown in Fig. 2.4 is a, diagrams
how built in potential ψBn0 at the MS contact forms due to a difference of the work
function of the metal φm and the electron affinity of semiconductor χ. The barrier
at a MS contact can be enhance by adding a thin insulator.
The energy band diagram of a MS contact, without a barrier enhancement layer,
for n-type and p-type is shown in Fig. 2.5. The barrier at a MS contact is can be
CHAPTER 2: FROM BAND THEORY TO DEVICES 2.4 DEVICE BUILDING BLOCKS
18
qψbi
δ
qφBn0 = q(φm − χ)qχ
qφm
qφBn0
qφn
qφm
qφm
qχ
qχ
qφBn0
δ
W
EF
EV
EC
EV
EV
EV
EF
EF
EF
EC
EC
EC
Vacuum Gap
(a) (b) (c) (d)
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Figure 2.5: Energy band diagram for metal semiconductor junction at thermal equilibrium for
(a) n-type , (b) p-type semiconductors.Adapted from2.
blocking to either a electron or holes. The MS contact in a Schottky diode is one
of the easiest methods of determining the diffusion lengths of minority carriers in a
material.
2.4.4 Metal Insulator Semiconductor
The metal-insulator-semiconductor interface allows for one of the important semi-
conductor devices by the number the CMOS transistor. Applying a voltage on
the metal (Fig.2.6 can change the band-bending at the surface semiconductor this
works for both p-type and n-type semiconductors. In accumulation mode the bands
shift for greater concentrations of the majority carrier with a negative voltage ap-
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plied for p-type and positive voltage for n-type semiconductors. For p-type semicon-
ductors applying a positive voltage will reduce the number of carriers in depletion
mode if the voltage applied is great enough an inversion layer forms at the surface
where a n-type layer is induced; the reverse is true for n-type materials.
The ability to change carrier type by applying a potential across this interface
is the fundamental operating principle of all transistors and allows us to further
modify and explore properties of material systems.
2.4.5 Defects and Interfaces
The periodic structure allows us to make the approximations that make designing
devices possible. The assumption of a periodic structure does not apply to interfaces
and defects. At these locations there can be states that exist inside the band gap that
lead to different types of behavior that effect the performance of the device. The
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energy states from defects and interfaces, also known as traps, can be the source
of recombination and generation, processes that are explored further in Chapter
7 and have a major impact on how a device behaves. Understanding the role of
these states and how they effect device performance is one of the main challenges
in making devices. Characterizing these trap states and their electronic properties
is a challenge and is one of the main uses of EBIC.
2.5 Summary
The basic building blocks of solid state devices primarily alter carrier dynamics,
shifting populations of carriers in the valence and conduction bands, forming junc-
tions, barriers and, E fields that drive carriers. The processes of carrier diffusion,
drift, generation, and recombination determine the behavior of the device and how
it interacts with external stimulus from interacting with light and applied voltage
biases.
To understand the behavior of carriers inside of these devices we need to have
a basic understanding of the mechanisms that control them. As devices are con-
structed from the interfaces between materials and modifications such as doping,
the fabrication and processing of materials have a dramatic effect on the behavior
of devices. Devices are made of multiple building blocks that we have introduce in
this Chapter. To be able to study the effects of each of these, it is important to be
able to spatially characterize the interfaces. In the next Chapter we discuss how the
materials are processed and fabricated into devices. For the remainder of this Thesis
we explore electron beam induced current (EBIC) as a technique to locally probe
carrier dynamics and understand the origin of the observed effects and behavior of
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carriers that impact the performance of a device.
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Chapter 3: Introduction to EBIC
Electron beams generate electron-hole pairs in semiconductors in a spatially limited
generation volume dependent on the incident energy of the beam and the scattering
inside of the material. These electron-hole pairs can either recombine and release
energy, radiative or non-radiatively, or they can result in current following through
the material.
In devices these electron-hole pairs, can help measure semiconductor device pa-
rameters such as diffusion lengths of minority carriers, relaxation times, and image
the extent of depletion regions. They are highly sensitive to local differences in
E-fields in a material and are excellent at characterizing crystalline defects which
can locally alter recombination rates. Since the technique was popularized in the
early 1980’s5, EBIC has been used to characterize a wide range of semiconductor
materials and devices.
3.1 Signals from Primary E-beam
When the electron beam impinges on a semiconductor material it releases a sub-
stantial amount of energy. This can release characteristic X-rays that tell about
the composition of the material. Light is emitted in the form of cathode lumines-
cence when excited electron-hole pairs recombine. Backscatter electrons scatter off
of the nucleus of the atom in the form of backscatter electrons. Secondary elec-
trons are electrons excited in the materials that have enough energy to become
released and travel freely in vacuum. Electron hole pairs inside the material that
23
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Figure 3.1: Electron beam interaction with sample and signal types.
do not recombine can be measured as a collected current. With a powerful enough
beam and electron transparent sample that is sufficiently thin (≈200nm) transmit-
ted electrons and elastically ands inelastically electrons can also be measured. An
excellent review on the physics behind these different imaging techniques can be
found here6.
3.2 Probing of Semiconductors
Locally a high number of electron hole pairs are generated in a small volume. Typ-
ically the carrier concentration of∆p and ∆n is determined by the generation rate,
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Figure 3.2: Monte Carlo simulation of interaction volume of electron beam with Si sample
with (a)1kV (b)3kV, and (c) 5kV electron energy. Scale bar is 500nm. Color represents energy
released and is normalized to a logarithmic scale.
Eq. 3.1 and the recombination rate Eq. 3.2 and the interaction volume. The in-
teraction volume is usually described as a tear drop shape that is dependent on
the atomic number (Z) contrast, atomic weight of the material, its density and the
energy of the incident electron beam7.
To get a finer detail of this interaction volume, Monte Carlo simulations of elec-
tron flight path and scattering events8 can provide a more quantitative understand-
ing of the nature of EBIC and CL contrast9. Estimating the number of carriers gen-
erated in a volume can be calculated by taking the energy dispersed and dividing it
by 3Eg
G =
E − Eth
Ei
. (3.1)
The recombination rate for electrons and holes under low injection conditions
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where n ∗ p < n2i is
Un =
∆n
τn
, Up =
∆p
τp
(3.2)
The carrier lifetimes of minority carriers is given by
τn =
1
σnvthNt
, τp =
1
σpvthNt
(3.3)
where Nt is the trap density.
The number of carriers generated in the interaction volume combined with the
geometry of the sample is used extensively in Chapters 6 and 7 to generate sim-
ulated radial profiles across nanowires. The recombination rate is governed by
the minority carrier lifetimes. These lifetimes can be measured directly by time
resolved cathode-luminescence or indirectly through the Einstein relation and mea-
suring their diffusion lengths.
3.2.1 Junctions
Depletion regions are readily imaged by EBIC due to efficient carrier collection and
separation of generated electron hole pairs. On either side of a P-N junction the
minority carrier diffusion lengths can be directly measured10;11. The lifetime of
minority carriers can be directly determined12. For Schottky junctions the minority
carrier diffusion lengths and the depletion region can be measured13.
Depth profiling of junctions can be achieved by varying the incident electron en-
ergy, producing a deeper interaction volume14;15. The dopant profile of the junction
can be confirmed with using SIMS16.
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Figure 3.3: EBIC schematic of PN junctions. Signal amplifier(shown as an op-amp) provides
a virtual ground to the n type contact and the p-type contact is grounded. This allows for two
conduction paths to ground and a for carriers to be separated by the built in E-field. (a) Planar
EBIC measurement of a buried junction Varying the incident beam energy denoted by the red
arrows changes the depth profile. (b) Cross-section of PN junction orthogonal to the imaging
plane. Minority carrier diffusion lengths can be directly measure on either side of the junction,
as well as the extent of the depletion region.
3.2.2 Defects
The study of defects and their properties is one of the widest used applications
of EBIC. At crystalline defects, there are several factors that can cause contrast in
charge collection. For a detailed explanation of the scope of what can be measured
of the electrical properties of crystalline defects, please refer to D.B. Holt17 for a
definitive guide on CL and EBIC. These sites can have states that exist in the mid-
dle of the band gap and can be a site of both recombination and generation. If
the defect is charged it can locally bend bands around it this can lead to either a
greater recombination or generation. This can be seen in grain boundaries in multi
crystalline Si18;19 and polycrystalline Si20.
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Figure 3.4: EBIC schematic of Schottky junctions. Signal amplifier(shown as an op-amp) pro-
vides a virtual ground to the contact forming the junction and the other ohmic contact with
no barrier is grounded. This allows for two conduction paths to ground and a for carriers to
be separated by the built in E-field. (a) Planar EBIC measurement of a buried junctions and
can show a net difference in current if defects are located within the depletion region and lo-
cal have a high recombination rate. (b) Cross-section of Schottky junction orthogonal to the
imaging plane. Minority carrier diffusion lengths can be directly measure on one side of the
junction, as well as the extent of the depletion region.
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Figure 3.5: EBIC schematic for MSM devices, where there is a blocking contact on either side
of the device. This schematic can also work for EBAC where there is only one conduction path
to ground and defects can be imaged outside of any depletion region.
To aid in the contrast and detection limit, samples are made with a thin Au
coating to create a Schottky junction that can increase the collection efficiency.
Defects appear as a site of recombination with dark contrast when compared to the
surrounding signal from the junction.
3.2.3 Electron Beam Absorbed Current
Most EBIC measurements are conducted with two contacts: one going to ground
and the other going to a transimpedance amplifier that acts as a virtual ground. In
this configuration the electrons and holes can be efficiently separated. If there is
only one contact to the transimpedance amplifier, electron beam absorbed current
(EBAC), carrier separation is not being measured, but instead the local differences
between generation and recombination rates. The transimpedance amplifier will
source or sink current to maintain charge neutrality. This is of interest because
defects can be imaged outside of depletion regions without modifying the sample,
Chapter 9.
EBAC has mainly been used by industry for fault analysis of conductive lines in
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semiconductor integrated circuits21–23. We greatly expand the capabilities of EBAC
going beyond current uses, imaging domains in ferroelectric materials, where EBAC
can be highly sensitive to the anisotropy in crystal structures.
3.3 Nano-structured Devices
For devices based on semiconductor nanowires, EBIC presents a challenge in that
the surface to volume ratio is large enough that surface states and recombination
play dominant role in the lifetime of carriers. This reduces the current signal dras-
tically, such that it becomes a challenge to excite nanowires in a low injection con-
dition where ∆n ∆p < majority carrier concentration. To compensate for the low
signal, lock-in amplifiers, which can recover a signal from a noise floor, have been
used while using a lower beam current24.
Lock-in techniques do have other benefits in collecting the signal as they can
measure the phase and amplitude of a signal instead of the magnitude. Noise from
the SEM and system ground in the form of a 60 Hz signal from the power lines is
one of the biggest challenges.
In typical EBIC measurements where there is substantial gain from the incident
beam interacting with a built-in field, there is no need for shielded wires for col-
lecting the signal. When measuring signals on the order of tens to a few pA this is
no longer adequate. Shielding the signal path is critical to measuring these signals.
With proper shielding, lock-in techniques are not needed as there is sufficient signal
to noise ratio.
CHAPTER 3: INTRODUCTION TO EBIC 3.3 NANO-STRUCTURED DEVICES
30
3.3.1 EBIC on nanowire devices
EBIC has been used to characterize nanowire devices, but the results have been
limited to the axial direction. Complex geometries that take into account the shape
of interaction volume and distribution of carriers have not been carried out.
Axial junctions resulting from PN junctions and quantum dots grown inside the
nanowire have been characterized using EBIC25. Diffusion lengths of minority car-
riers where explored in Si nanowire Schottky diodes24 where the authors estimated
the value of the surface recombination velocity.
3.3.2 Simulated local probing
Due to the spatial confinement of carriers in the nanowire, some of the assumptions
of a response due to excitation have to be questioned when ∆n and ∆p create their
own local potentials. This was explored by3 in which the authors found a surpris-
ing result for ohmic devices where both diffusion and drift, from the local injection,
both contribute to the observed current response. Devices with two Schottky con-
tacts and Schottky diodes with one Schottky contact and one ohmic contact have a
response that is expected to be dominated by minority carriers.
With a voltage bias applied, The response shifts and drift becomes a more domi-
nant component in all types of devices. These simulation results provide a valuable
basis to interpret an EBIC response.
3.4 Qualitative EBIC
Most EBIC results are qualitative in that they look at the relative signal difference
and magnitude, whether it is dark or light contrast in comparison to the surround-
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Schottky barrier. The bias dependence of the SPCM of the S-S
device is shown in Figure 4b. As can be seen, the photocurrent
peak near the positive electrode gradually shrinks and finally
disappears at increasing bias, while the peak near the negative
electrode is enhanced. This behavior is consistent with experi-
mental results of Ahn et al.,7 where a P-type NW device was used
instead. The electric potential distribution is shown in Figure 4c.
When a bias is applied, the voltage mainly drops near the negative
electrode and increases the band bending there. The Schottky
depletion width (∼50 nm) does not expand much and remains
much narrower than the decay length of the photocurrent (>1 μm).
The majority of the NW remains in nearly flat band condi-
tion despite the voltage bias. This is because the depletion region
near the contact is much more resistive than the rest of the NW.
In SPCM experiments of S-O or S-S devices, one typically
assumes that the total current is dominated by carrier drift and
therefore is proportional to local electric field dj(x)/dx. Con-
sequently, it is believed that the electric potentialj(x) in theNW
can be evaluated by integrating the photocurrent over x.7,11
However, as shown by comparing the real j(x) with the integra-
tion of photocurrent in Figure 4c, this “integration” method
significantly overestimates the spatial extension of the built-in
electric field. This discrepancy is because of the erroneous
assumption that the photocurrent is contributed solely by the
drift of electrons and holes. Moreover, the method is unable to
reveal the residual band bending near the positive electrode at all.
The “integration” method is also sometimes used to evaluate
internal electric fields arising from local defects or doping varia-
tions in SPCM experiments of NWs.13,14 Our results indicate
that this method needs to be used with caution. It should be
pointed out, however, that if the Schottky barrier is low enough
for thermionic emission or thin enough for carriers to tunnel
through, the contact resistance can be negligible and the bias
voltage will mainly drop across the body of the NW. In these
cases, the external electric field along the NW results in an ef-
fective OhmicOhmic device, as will be discussed in detail
below.19
By ﬁtting the exponential decay shoulder of either peak at zero
bias, one can extract the minority carrier diﬀusion length LDp as
in the case of an S-O device. We show the results in Figure 4d for
three devices with diﬀerent LNW. Similar to the S-O device, the
ﬁtted LDp agrees with (Dpτp)
1/2 in the S-S device only at small
LDp/LNW ratios. It should be noted that the deviation of the ﬁtted
LDp from (Dpτp)
1/2 (Figure 4d) is much more serious than in the
S-O device (cf. Figure 3b). However, in contrast to the S-O
device where the photocurrent decay length is nearly indepen-
dent of bias (Figure S1c, Supporting Information), in the S-S
device it is bias dependent (Figure 4b). Applying a bias to the S-S
device suppresses the photocurrent near the positive electrode,
whereas L- obtained from ﬁtting the enhanced photocurrent near
the negative electrode is enlarged toward (Dpτp)
1/2. It should be
emphasized that the Schottky barrier height assumed here (0.6 eV)
is large so that the bias voltage mainly drops at the contacts. As a
result, LDp can only be partially recovered toward (Dpτp)
1/2
especially for short devices (Figure 4d), as the photocurrent
enhancement at the negative electrode quickly saturates with
increasing bias (not shown). Therefore, for SPCMof SS devices,
our modeling results recommend using long device (with large
Schottky barrier) and/or applying a voltage bias for more accurate
estimation of the eﬀective minority diﬀusion length.
O-O Device. It is commonly assumed that in O-O devices
where space charge and band bending are absent in equilibrium,
diffusion will dominate over drift under photoexcitation, such
that O-O devices have the ideal configuration for extraction of
carrier diffusion lengths.8 In this section, however, we show that
O-O devices are in fact more complicated compared to S-O and
S-S devices. This is because mobility mismatch of locally photo-
generated electrons and holes develops weak, local potential
variation in the system. The thus-established (induced) electric
field is much weaker than the built-in electric field at Schottky
junctions in S-O or S-S devices and yet is sufficiently strong to
drive drift currents that are comparable to diffusion currents.
In Figure 5a, we show simulated zero-bias SPCM proﬁles for
an N-type O-O device under illumination with a wide range of
laser intensities, which correspond to photoinjection level ran-
ging from moderate (Δn = Δp ∼ n0 = Nd) to extremely high
(Δn =Δp. n0 =Nd). Two antisymmetric SPCMpeaks show up
with negative (toward left) photocurrent on the left side and
positive photocurrent on the right side. This appears to oppose
the common wisdom that when the laser is exciting closer to the left
electrode, the net current would be positive, because when
carriers diﬀuse away from the photoinjection region, more
electrons (with highermobility) than holes (with lowermobility)
could reach the left electrode. However, as discussed above
(Figure 2c,d), a weak internal electric ﬁeld can be induced along
the NW axis when charge neutrality is locally broken due to the
mismatch between electron and hole mobilities.33 As shown in
Figure 5b, the faster diﬀusion of electrons causes net positive
charges accumulated inside the NW (especially near the two
contacts) and the conduction and valence bands to bend con-
cavely with a minimum located at the photoinjection area
(Figure 5d). A steady state is reached when the bands bend to
the extent that the electron diﬀusion is no longer dominant
Figure 5. (a) Simulated zero-bias SPCM proﬁles of an N-type O-O
device under diﬀerent laser intensities as shown in the legend (units:
kW/cm2). (b) Distribution of ionized donor, electron, hole, and net
charge densities, (c) current components distribution, and (d) band
bending when laser (Ilaser = 200 kW/cm
2) is illuminating at xlaser = 3 μm,
the position where the photocurrent peaks as shown in (a). The
parameters used are Nd = 10
14 cm3, τp = τn= 16 ns, laser spot size =
0.5 μm (others are taken from Table 1). Note that a position-dependent
carrier mobility has been considered due to intense laser illumination.
Figure 3.6: (a) Simulated z ro-bias SPCM profiles of an N-type O-O device under different
laser intensities as shown in the legend (units: kW/cm 2 ). (b) Distribution of ionized donor,
electron, hole, and net charge densities, (c) current components distribution, and (d) band
bending when laser (I laser = 200kW/cm2 ) is illuminating at x laser = 3 m, the position where
the phot curr nt peaks as shown in (a). The parameters used are Nd = 1014cm−3 , τp = τn= 16
ns, laser sp t size = 0.5 m . Note that a position-dependent carrier mobility has been considered
due to intense laser illumination. Reprinted with permission from3. Copyright(2011) American
Chemical Society.
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components when the laser illuminates different parts along the
NW (indicated by the vertical yellow line). From Figure 2b we
have the following conclusions: (i) The total thermoelectric
current (JTE) is nearly negligible. This is expected as the laser
illumination raises the local temperature by only a few kelvin due
to its low intensity (half of the laser power is assumed to be
transformed into heat at the simulated wavelength). (ii)Minority
(hole) drift current (Jp,drift) is always negligible, whereas majority
(electron) drift current (Jn,drift) is not, which is because p,n in
this low-level photoinjection condition. The large Jn,drift around
the laser spot, however, indicates an internal electric field
established there. This can be seen in Figure 2c, where the
conduction band bending is shown in the inset. The concave
band bending is due to the faster diffusion of electrons than holes
away from the photoinjection area, which accumulates net
positive charges (Fnet) there as shown in Figure 2d. This charge
accumulation has been recently experimentally observed in
individual CdSe nanowires under local illumination using a
combination of electrostatic force microscopy and optical
microscopy.33 The locally induced electric field, albeit much
weaker than the built-in field in the Schottky space charge region,
has a considerable effect on the current profile because it is in the
active (carrier injection) region. (iii) Most importantly, regardless of
where the laser illuminates, the hole diffusion current (Jp,diff) near
the Schottky contact region (left side) is always nearly equal to
the total current (Jtot), while the other current components
(mostly Jn,diff and Jn,drift) cancel with each other. This is similar to
the equilibrium scenario where Jn,diff balances with Jn,drift in the
space charge region and gives rise to zero Jtot. This similarity is not
surprising considering that the laser illumination is at a low level
injection for electrons (Δn , n but Δp . p). The nonequili-
brium minority carriers (holes) diffuse in both directions; those
diffusing toward the left, once reaching the Schottky depletion
region, will be efficiently collected due to the strong built-in electric
field there. Therefore the total current is limited by the number of
holes diffusing to the Schottky electrode. When the laser moves
farther away from the Schottky electrode, the holes have to diffuse a
longer distance before collection, thus suffering from a higher
chance of recombination with electrons and leading to weaker
total current. Realizing this, one can fit the right decay shoulder of
the SPCM profile in Figure 2a using exp(x/LDp), where LDP is
the average diffusion length of minority carriers (holes).
By deﬁnition, the hole diﬀusion length is LDp = (Dpτp)
1/2,
where τp is the eﬀective minority carrier lifetime taking into
account both bulk and surface recombination and Dp is the
diﬀusion coeﬃcient. Using the mobility of Si at the simulated doping
level evaluated from a semiempirical relation,34 we calculated
several SPCM proﬁles (Figure 3a) as a function of τp for a 16 μm
long device. As can be seen, the magnitude of the photocurrent is
reduced when τp becomes shorter. More importantly, for shorter τp,
the photocurrent decays much faster, resulting in a deeper slope
in the semilog plot. By ﬁtting exp(x/LDp) to these photocurrent
proﬁles, we obtained the “measured” diﬀusion length of minority
carriers. In Figure 3b, this “measured” LDp is compared with
(Dpτp)
1/2 directly calculated from the modeling parameters. In
analysis of SPCM experimental results, the LDp extracted from
ﬁtting is typically assumed to be an accurate measure of
(Dpτp)
1/2.12 However, it is found that at large LDp (or long τp),
these two start to deviate signiﬁcantly from each other, and this
deviation becomes more serious for shorter NW devices.
Furthermore, for large LDp or short devices, the ﬁtting method
always underestimates the real minority carrier diﬀusion length.
Therefore, a long NW device (LNW > ∼2LD) is needed for
accurate determination of theminority LD. The SPCMproﬁles of
the S-O device as a function of other parameters, such as bias,
laser intensity, laser spot size, and Schottky barrier height, are
also simulated and shown in the Supporting Information. It is
found that variations in these parameters, which could be present
in experiments, do not aﬀect the basic conclusions drawn above.
SS Device. An S-S device can be considered as two S-O
devices connected back-to-back, and therefore their SPCM
behaviors are expected to be similar, as can be seen from
Figure 4a where the profile of an S-O device with the same
parameters is also shown for comparison. As expected, the
photocurrent of the S-S device is antisymmetric with respect to
the middle of the NW and its magnitude is reduced from that of
the S-O device, due to additional blocking effect at the other
Figure 3. (a) Simulated zero-bias photocurrent proﬁles of an N-type
S-O device under low level photoinjection with diﬀerent minority carrier
lifetime τp as shown in the legend. Inset shows the semilog plot. (b)
Fitted minority diﬀusion length LDp compared with deﬁned minority
diﬀusion length (Dpτp)
1/2 for three NW lengths (LNW). The parameters
used are the same as those used in Figure 2.
Figure 4. (a) Simulated zero-bias photocurrent proﬁles of an N-type
S-S device under low level photoinjection. An S-O device is also shown
for comparison. Inset shows the semilog plot of the S-S device SPCM.
(b) Photocurrent of the S-S device under diﬀerent bias. The right
electrode is grounded. The SPCM proﬁles are oﬀset by 4 nA each for
clarity. (c) Electric potential proﬁles (in dark, solid lines) corresponding
to diﬀerent bias conditions shown in (b). Note the large band bending is
limited within the depletion width in the left and right ∼50 nm only.
Also shown for comparison is the line shape of integrating the photo-
current in (b) over x (dashed lines). (d) Fitted minority diﬀusion length
LDp compared with deﬁnedminority diﬀusion length (Dpτp)
1/2 for three
NW lengths (LNW) and two diﬀerent biases (V). The parameters used
are same as those used in Figure 2 except the contact type.
Figure 3.7: (a) Simulated zero-bias photocurrent rofiles of an N-type S-S device under low
level photoinjection. An S-O d vice is also show for comparison. Inset shows the semilog
plot of the S-S device SPCM. (b) Photocurrent of the S-S device under different bias. The
right electr de is grounded. The SPCM profiles are offset by 4 nA each for clarity. (c) Electric
potential profiles (in dark, solid lines) c rresponding to different bias conditions shown in (b).
Not the l rge band bending is limited within the depletion width in the left and right 50 nm
only. Also shown for comparison is the line shape of integrating the photo- current in (b) over
x (dashed lines). (d) Fitted minority diffusion length L Dp compared with defined minority
diffusion length (Dpτp)1/2 for thre NW lengths (L NW ) and two different biases (V). The
parameters used are same as those used in Figure 2 except the contact type. Reprinted with
permission from3. Copyright(2011) American Chemical Society.
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ing response. To collect the signal a spare imaging input from the SEM is used to
collect the image from a preamplifier. The SEM however does not retain the mag-
nitude of the signal; it just produces an image. The analog to digital converters
(ADCs) in most SEMs are limited to 12 bits or 4096 signal levels, and often the data
stored is reduced further to 8 bits. If there are DC offset currents from the sample
or connections, a lower gain setting must be used and underlying information can
be lost. Converting the observed signal to measured values is difficult as that infor-
mation is usually lost when stored as an image format.In the typical configuration
measuring both the secondary image and EBIC image at the same time are often
not possible. Measuring both at the same time is critical for finding the edges of
features to situate the EBIC signal against. It is possible to quantitatively measure
diffusion lengths and depletion region widths using this method as thew spatial
information is intact.
3.5 Quantitative EBIC
To measure the signal levels we are seeking we need a wider dynamic range that
can measure small currents and have a wide enough range to handle DC offsets.
The internal scan generator that moves the position of the beam is also a limiting
factor as the dwell has limitations. The ability to take many samples and average
them before the beam moves position is important to recovering pA level signals.
To accomplish these goals, a parallel effort was taken to develop a scan controller
with high resolution ADCs and DACs and sample holder with appropriate levels of
shielding with the capabilities to take these measurements. This work was done by
Ephemeron Labs, Inc.(Philadelphia, PA).
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Chapter 4: Fabrication of Nanowires and Devices
The nanowire devices studied in this thesis are fabricated using top down and bot-
tom up approaches. The bottom up method uses a metallic catalyst on a Si/SiO2
substrate where chemical precursors are decomposed on at the catalyst form a so-
lution and the crystal grows as a precipitate when the solution becomes super sat-
urated. This method is known as the VLS method (vapor liquid solid) and is the
method used to produce the first nanowires26. The second method is a top down
fabrication approach where the nanowires are etched from a crystalline Si wafer27.
Both methods have advantages and make different types of structures possible.
The properties of the nanowire devices and all semiconductor devices are directly
affected by the processes in which the materials are grown and the fabrication pro-
cessing done to the devices. In this Chapter we highlight the methods that are
relevant to the types of devices that measured in subsequent chapters.
4.1 Vapor Liquid Solid Growth
The VLS growth method has been used to fabricate numerous chemistries of nanowires
from group IV elements Si and Ge the III/V compound semiconductors, GaAs and
AlGaAs . The method is attractive for a number unique structures that would be
very hard to fabricate in other modes. 2D quantum disks/dots have been grown
in the middle of the nanowire by changing the precursors and growth conditions .
Axial and radial junctions are possible with this growth mechanism28.
Doping of the nanowire is also possible by adding in carrier gases with the
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(i) (ii)
(iii) (iv)
Figure 4.1: Vapor liquid solid growth of nanowires. (i) Substrate with catalyst gold colloid.
(ii) Substrate is heated until colloid becomes liquid and forms a droplet on the surface. (iii)
At the catalyst the precursor decomposes forming a solution of Ge and Au or Si and Au, this
super saturates and the precipitate is a solid crystalline nanowire. (iv) Growth continues until
the carrier gas stops and the nanowires are cooled leaving the catalyst at the end.
dopants during growth, although it has been hard to control the doping on the
side walls of the material . For nanowire devices studied in this thesis, with the
exception of the Si nanowires that where etched from a Si wafer, all of them are
grown using the VLS method. The specifics of the growth conditions are explained
in the relevant chapters.
4.2 MACE of Silicon Nanowires
Metal assisted chemical etching (MACE) of nanowires from a wafer has distinct ad-
vantages over growing nanowires. Silicon wafers have a known crystallographic
orientation. The nanowires etched from the wafer all share the same orientation al-
lowing for large arrays of nanowires with the same orientation . Defects in Si wafers
are very low, and essentially can be thought of as defect-free . The wafers are of a
known type and doping concentration. Fabricating nanowires from MACE process
CHAPTER 4: FABRICATION OF NANOWIRES AND DEVICES 4.2 MACE OF SILICON NANOWIRES
36
allows for a direct comparison between the properties of nanowires of different size
and geometry to devices and fabrication processes on the original wafer.
The MACE process has advantages over other etching processes, namely reactive
ion etching. The main benefit is that it doesn’t modify the surface of the material .
The MACE process uses a film of noble metal, a mixture of hydrogen peroxide,
hydrofluoric acid and water to local oxidize the wafer in the presence of the metal
and then the oxide is removed with hydrofluoric acid. This oxidation and etching of
the oxide continues at fast etching rates until very long nanowires with high aspect
ratios with no noticeable tapering occurring.
The noble metal, either silver or gold , is a source of positive carriers (holes) in
the material. This promotes local oxidation in the presence of hydrogen peroxide.
The peroxide does oxidize the other surfaces but at a much slower rate. Silver has
a much higher etching rate then gold, but has some disadvantages in producing
high quality structures. The main drawback is the silver becomes dissolved in the
water or there are particles that become free of the film and can etch into the
silicon on their own, creating porous structures. Porous silicon does have interesting
properties with the interaction of light and large surface area and can be taken
advantage of nanowires . Using the MACE process complex geometries and patterns
have been fabricated out of both n-type and p-type silicon.
The etching direction is always in the < 100 > direction even in < 111 > wafers
causing slanted nanowires and structures to be produced . This behavior makes
sense as there is a greater number of bonds in the < 111 > direction .
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Figure S6. (a) A schematic procedure for the fabrication of gold mesh with arrays of nanoholes from anodic aluminum oxide (AAO) membrane. 
(b) A schematic cross-section of AAO after gold deposition, showing loosely bound gold nanoparticles (Au NPs) on the surface of pore wall. (c) 
An SEM image of the bottom surface of gold mesh, showing loosely connected Au NPs at the edges of nanoholes. (d) A schematic illustration of 
removal of AAO mask, Au NPs from the bottom surface of gold mesh, and transfer of gold mesh onto a silicon substrate. (e) A photograph of gold 
mesh transferred onto a Si(100) wafer (2 cm x 2 cm). 
 S8 
Figure 4.2: (a) A schematic procedure for the fabrication of gold mesh with arrays of nanoholes
from anodic aluminum oxide (AAO) membrane. (b) A schematic cross-section of AAO after
gold deposition, showing loosely bound gold nanoparticles (Au NPs) on the surface of pore
wall. (c) An SEM image of the bottom surface of gold mesh, showing loosely connected Au
NPs at the edges of nano oles. (d) A sche atic illustrati n of removal of AAO mask, Au NPs
from the bottom surface of gold esh, and transfer of gold mesh onto a silicon substrate. (e)
A photograph of gold mesh transferred onto a Si(100) wafer (2 cm x 2 cm). Reprinted with
permission from4. Copyright(2011) American Chemical Society.
4.2.1 Etching p-type nanowires
For the Si MIS devices studied in chapter 7, we etched a series of p-type silicon
wafers from 10 ohm, 0.1 ohm and 0.01 ohm wafers. P-type silicon can produce
a blocking contact with an oxide layer and an Al contact and an ohmic contact
on bare Si. N-type silicon is readily etched with the MACE process , the choice of
contact material for MIS devices is usually Au, which is more challenging to image
with EBIC underneath contacts without spreading the electron beam.
For the noble metal we selected gold. Gold has a slower etching rate, but it is
easier to control because the film stays intact during the etching process . There is
still the issue with nanoparticles becoming loose and creating porous material at
the start of the etching process, but that can be eliminated using a rinse in dilute
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aquaregia (a mixture of HNO3, HCl with a ratio 1:3).
We originally tried to find a lithographic process using e-beam lithography and
a negative tone resist to define arrays of dots and different sizes and coat the wafer
with gold and lifting off the pattern. This did produce nanowires in some cases.
However, it was difficult to reproduce the results from batch to batch.
To etch the nanowires we modified a process from4. The process is diagrammed
in Fig. 4.2. We used anodized aluminum oxide (AAO) templates for a periodic array
of holes of varying sizes from 50 to 300 nm in diameter. The AAO templates were
sputtered with 20nm of Au to create a uniform film. The templates are dissolved
in a solution NaOH and the Au film is left floating on the surface. Taking a p-type
< 100 > Si wafer chip we place it into the solution at an angle then gently pull the
chip out: Au film is reatined by the surface tension.
The film can be transfered to a rinse of deionized water to remove any NaOH
that is left from etching of the AAO templates. We then take an BOE etched Si
wafer and deposit the film onto it by pulling at angle letting the surface tension
hold it in place. Once the water dries we use a N2 to further dry the sample. The
film is held to the surface the subsequent processing through van der Waals forces
and cannot be removed except in aquaregia.
To remove any Au nanoparticles that may become free in the etching solution
we placed the chip in dilute aquaregia for 10 minutes. This is followed by a second
rinse in DI water. We then place the chip in a solution of H2O2, HF , and DI water
for 1 hour.
The etching rate is highly dependent on the doping level of the wafer as this im-
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Figure 4.3: (a) Si nanowires etched from p-type < 100 > wafer with a 2E15 Doping level, etch
rate of 40 µm an hour. (b) Si NAnowires etched form ptype < 100 > wafer with doping level
of 2E16. (c) Etching of ptype < 100 > wafer with doping level of 2E17 in the presence of Au
film. (d) same wafer as (c) shows both where metal is present and etching just on the surface.
All scale bars are 10 µm.
pacts how much hole injection occurs . We expected to have different etching rates
for the different doping levels. The fastest etch rate of 100µm an hour (Fig.4.3) was
on the lightest doped wafer with a resistivity of and doping level of 2 ∗ 1015/cm3.
The p type< 100 > Si wafer with 2.0 ∗ 1016/cm3 level doping had an etch rate of
40µm an hour.
For the highest doped p-type < 100 > Si wafer, with a doping level of 2.0 ∗
1017/cm3 no nanowires where etched. Instead we ended up with pyramid type
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structures along the < 111 > directions. There are two possible mechanisms that
can lead to this behavior. The pyramid structures are only visible where the Au film
was present. The film was porous just as in the case with the other lower doped
nanowires. It has been observed that the dopants themselves, at high enough con-
centrations can promote etching . We observed etching everywhere even outside of
the areas with the Au film. However, the pyramid structures are only present un-
derneath where the Au film was present (Fig.4.3). This result identifies the limits
of this technique in regards to etching higher doped materials in which the contri-
bution of the dopants becomes a significant contributor to the etching behavior.
Crystal Orientation and Quality
The crystal orientation in the MACE process is determined by the wafer and prefer-
ential etching in the < 100 > direction. We collected TEM micrographs of the same
batch of Si nanowires used to make the device studied in Chapter 8. The crystal
orientation was in the < 100 > direction as expected, and they are single crystalline
structures with no porosity found.
Oxide Thickness
The oxide thickness as determined by TEM is not consistent along the length of the
wire, going from 10 nm in some regions to less than 2 nm in others whereas the
etching rate appears to be uniform when looking at the length of the nanowires.
For even etching rates of oxide buffered oxide etch (BOE) is used. Since the MACE
etching solution contains both HF and H2O2 it is to be expected that both processes
are active and that oxide growth and etching will happen at different rates outside
of the region where the catalyst film is present. For a uniform oxide thickness we
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(f)
Figure 4.4: (a)(b) Two regions on same nanowire etched using MACE process with a doping
level of 2E15/cm3, oxide thickness varies from 10 20 nm after MACE process.(c) Elemental
analysis show Si and O peak form the wire Cu and C peaks are from TEM grid. (d) Diffraction
pattern of (a)(b) shows nanowire is single crystalline. (e) TEM of 2E15/cm3 p-type nanowire
after BOE etching process removing oxide and uniform thickness of 3 to 4 nm.(f)Calculated
diffraction pattern for zone axis in (d).
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need to treat the wires with a post etching process that selectively etches away the
oxide.
Post Etching Treatment
To remove the Au film that is still left behind after the etching process, the sample is
placed in non diluted aquaregia for 20 minutes. After the film is removed the sample
is rinsed in DI water and the placed in an buffered oxide etching solution with a
concentration of HF of 50:1 for 20 minutes, ensuring that the oxide is completely
removed. Only a native oxide is present when devices are fabricated.
4.3 Device Fabrication
Making devices out of nanowires entails further processing, where electrical con-
tacts and other interfaces to the semiconductor nanowire are made or modified
through a passivation process.
4.3.1 Nanowire Deposition on a Substrate
To prepare a device out of a nanowire we need to place the nanowire on a sub-
strate. The typical substrate used is a Si wafer that is degenerately doped, so it is
highly conductive, with a thermal silicon oxide of 200 nm. This substrate allows for
electrical contacts to be defined lithographically and have them electrically isolated
from the substrate and each other. The degenerate semiconductor substrate under
the SiO2 can be used as a back gate contact or grounded during measurements to
avoid charging of the substrate.
The chip containing the grown or etched nanowires is placed in IPA and soni-
cated for 1 second. This dislodges the nanowires from the substrate. We add a
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drop of Tween 20 as a surfactant to keep the nanowires from sticking together. The
device substrate is heated to 100 degrees C and a pipette is used to add a drop of
the nanowires in solution a drop at a time. As the drop evaporates it leaves behind
the nanowires. Since the substrate is heated, it causes the droplet to maintain a
contact angle with the substrate instead of wetting to the surface. Under a optical
microscope, nucleation of bubbles can be observed from where the nanowires are
located.
To get rid of any remaining residue from the Tween 20, several more drops of IPA
are added to the heated nanowire substrate until it has been rinsed clean. This also
dislodges nanowires that are deposited on top of each other so that single nanowire
devices can be made.
4.3.2 E-beam Lithography
For making single nanowire devices, E-beam lithography is one of the most versatile
patterning tools we have. Using the high energy electron beam of an SEM (NPGS)
or a dedicated system such JEOL 6300, at Brookhaven National Laboratory (BNL)
it exposes a polymer resist PMMA that is spin coated on the substrate. PMMA, a
positive resist, is exposed it under goes changes in solubility and is developed in an
solution IPA and MIBK (ratio of 3:1) for 70 seconds and then rinsed in IPA for 20
seconds then air dried. Very fine features can be written with E beam lithography. In
case of the dedicated system with high acceleration voltages of 100kV a resolution
of 2 nm can be achieved.
The substrate has an array of markers on it so that electrode patterns on de-
vices can be designed. A global set of alignment markers allows us to locate the
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Substrate
PMMA
(i) (ii)
(iii) (iv)
Figure 4.5: E-beam lithography process and metal deposition. (i) Si substrate with 200nm of
thermal oxide is spin coated with PMMA. (ii) where PMMA is exposed to E-beam it dissolves in
development process. (iii) Deposition of metal on sample both exposed area and PMMA. (iv)
metal is deposited on substrate after lift off process where PMMA is dissolved in NMP removing
un-patterned metal.
3
2
1
(a) (b)
Figure 4.6: (a) Si MIS device with e-beam defined contacts (1-2) are ohmic contacts with
sputtered Al with 1 percent Si(3) is a Schottky contact with oxide left underneath as a barrier,
scale bar is 2 µm. (b) Several devices fabricate on one substrate, scale bar is 500µm.
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nanowires and pattern PMMA. With the system at BNL an entire wafer of markers
on a Si wafer with 200nm of thermal oxide was written. The alignment markers
need to be made out of Au so they visible to the electron backscatter detector used
for finding the alignment markers and correcting for any rotations.
Using the alignment markers enables fabrication of devices with multiple lithog-
raphy process steps and metalizations and subsequent patterns can be aligned with
the first ones. Typically we fabricated many devices on the same substrate as seen
in Fig. 4.6.
Once the sample has been exposed to the beam and developed a gentle plasma
clean is applied to remove any residue from the development process.
4.3.3 Metal Contacts
The PMMA development process opens a window where the beam is exposed. In-
side this window we can either etch the material or deposit more material. Etching
is necessary in many devices to remove any oxide and contact the semiconductor to
make an ohmic contact. In the case of the Si MIS nanowire in chapter 8, we used a
15 second dip in buffered oxide etch to remove the native oxide before depositing
Al contacts.
In the case of the GaAs/AlGAs nanowires studied in chapter 6, several layers of
metal are used to create the ohmic contacts as well as an annealing process.
Thermal Evaporation
In thermal evaporation the sample is placed inside an vacuum enclosure. The source
material for the metal pattern is heated in a boat and an electrical current is passed
through until the boat reaches the melting temperature of of the material. A plume
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of evaporated material gets deposited on the sample. The vapor pressure of the
metal determines the deposition rate usually a rate of 0.1 to 0.4 angstroms per
second monitored with a quartz micro-balance.
Typically in making metal contacts an adhesion layer is needed to make sure the
metal sticks to the surface. Either Cr or Ti make excellent adhesion materials. Ti is
very good at creating a diffusion barrier and prevents the top material from going
into the substrate or the device underneath. After the adhesion layer is applied, the
electrode material is deposited. For many of the Ge nanowire devices studied in
this thesis we used Au as the deposition metal to make Schottky contacts.
Sputtering
Sputtering Ar ions bombard the surface of a target on a magnetron releasing atoms
of the source material. This creates a plume of material with high energy atoms
that bombard the surface. The grain size is much smaller and has good adhesion to
the material. Sputtering has less line of sight characteristics making it hard to use in
lift off processes. For the Si MIS nanowire device we specifically choose magnetron
sputtering because it has a more conformal coating.
Liftoff
After the metal contacts are deposited, the rest of the un-patterned metal is removed
through at lift-off process where the resist is dissolved in acetone or NMP and the
metal comes off with it. Lift-off processes can take hours to avoid pulling up too
much or leaving too much behind. The sidewalls of the resist are key to having
a clean lift-off process. In some cases an undercut structure is created using a
copolymer MMA that is exposed much more rapidly so the metal has a clean break
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with the surface instead of being deposited on the sidewalls.
Annealing
Many of the nanowire devices we studied go through an annealing process. This
forms bonds at the interface of the metal and semiconductor leading to more consis-
tent transport behavior. Annealing is usually a required process for creating ohmic
contacts. But both ohmic and Schottky contacted devices exhibit improved perfor-
mance after an annealing process.
The GaAs/AlGaAs nanowire devcies go through an RTA aneealing process where
it is rapidly heated by IR lamps. In the case of the Si MIS devices, the nanowires
are annealed at 450 degrees C in an atmosphere of of H2 and Nitrogen with a base
pressure of for 1 hr.
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Chapter 5: Evolution of field-induced impact ionization
We report on the local effects of hot carriers on the transport characteristics within
Ge nanowires investigated using electron beam induced current microscopy (EBIC).
Dependence of both bias and gating on the EBIC current is collected and used to ex-
tract sets of local potential profiles along the nanowires. Applying voltage bias that
is greater than the depletion threshold voltage, while imaging with EBIC, caused
irreversible changes in the local electric field. These changes are attributed to inter-
actions of hot carriers and field-induced impact ionization that leads to generation
of dislocations. Dislocations result in a significant increase of the EBIC signal, con-
sistent with a local environment that supports micro-plasma formation, including
carrier multiplication.
5.1 Hot carriers
Hot carriers are central to the operation of a wide range of modern semiconductor
devices. For example, one method for improving the efficiency of photovoltaics in-
volves harvesting energy from hot carriers, which is usually lost as heat29–31. Hot
carriers are key to real-space transfer nanowire (NW) devices that permit novel
modes of tuning nonlinear optoelectronic response characteristics32. The interac-
tion of hot carriers with the lattice, forming micro-plasmas that possess an internal
electric (E)-field, is known to cause carrier multiplication33–35. The study of the role
of hot carriers in the onset of field-induced breakdown in thin film devices is chal-
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lenging; it is complicated by the relatively large area over which pre-breakdown or
avalanche sites initiate and propagate. In contrast, the effects of hot carriers un-
der high external bias field conditions can be more easily discerned in nanoscaled
devices such as those based on NWs because of the geometric confinement.
While some insight into these effects may be gleaned from current-voltage mea-
surements, they offer no spatial information. Scanning probe microscopy (SPM)
techniques such as scanning photocurrent microscopy and electron beam induced
current (EBIC) can be used to obtain the local differences in E-fields with high spa-
tial resolution, which is only limited by the spot size of the SEM. EBIC is comple-
mentary to scanning photocurrent microscopy, but uses keV-scale electron energy
excitation, and its highly local excitation permits finer spatial resolution than op-
tical diffraction-limited techniques. These differences are significant for resolving
variations in the local E-field in NWs owing to dislocations, to modulation in com-
position or to doping, and in NW devices with a contact separation much smaller
than the optical diffraction limit. In addition, EBIC can be used to probe sub-surface
regions, beneath electrical contacts, and under much higher-energy excitation.
Among single-component semiconductor NWs, the GeNW system is an attrac-
tive choice since it possesses the highest combined hole and electron mobilities2.
GeNWs attract interest for use in visible- and infrared-wavelength photoconductors
due in part to their high conductivity36. Here we show how the EBIC probing of the
local field within metal-semiconductor-metal (MSM)-contacted GeNWs, with Schot-
tky contacts, under bias and electrostatic gating reveals effects of the combination
of high field and hot carriers on dislocation generation and carrier multiplication.
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GeNWs were grown via Au nanoparticle-catalyzed chemical vapor deposition,
as reported elsewhere37. The as-grown GeNWs were briefly sonicated (∼1 s) in
isopropanol and transferred from solution onto degenerately doped p-type Si wafers
possessing a 200-nm thick thermally grown SiO2. The wafers were each back coated
with 5 nm Cr and 100 nm-thick Au films to facilitate gating of the GeNWs and
to ground the substrate to reduce charging effects. The GeNWs were electrically
contacted (Fig. 5.1) using electron beam lithographic patterning of the contact
metallization (5 nm Cr, 150 nm Au). For EBIC characterizations, each sample was
then mounted into a ceramic chip carrier and wire bonded.
EBIC measurements were performed on the GeNW MSM devices under voltage
bias (Vb) and substrate gating (Vg) using an in-house designed and built scan gen-
erator and data acquisition system. The acceleration voltage was 11.0 kV and the
beam current was 50.0 pA. At 11.0 kV no charging was observed and the minimum
amount of beam current was used to obtain a signal. Multiple scans taken at the
same voltage bias show a consistent response. The electron beam was swept per-
pendicular to the axis of each GeNW with a dwell time of 20 ms per point and a
step size of 15 nm. The spot size of the SEM used in the experiments is 1nm. Both
DC25 and lock-in methods24 have been used to measure the EBIC response in NWs.
Here, the current is measured at the cathode through a trans-impedance amplifier
and is AC-coupled to remove any variance in the DC response over the time it takes
to scan the wire. The secondary electron (SE) images and the EBIC image are ob-
tained simultaneously; the SE signal is used to align the location and trajectory of
the subsequent EBIC line-scans.
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In order to understand the extent of the interaction volume of the e-beam with
the GeNW, we performed Monte Carlo simulations on intrinsic Ge for a bulk sample
(5 µm) and for a thin film (100 nm) of Ge using NIST Monte38, with an incident
beam energy of 11.0 kV. In the thin film simulation the electron beam remains
narrow: the majority of electrons are confined to within 5 nm and the remainder are
within 20 nm. Only a few of the electrons are scattered within the GeNW, causing
little broadening of the interaction volume. Finer features than the interaction
volume can be resolved because the signal is integrated over a new volume when
the beam position is changed. Because the GeNW is electrically isolated from the
substrate, once electrons exit the GeNW they no longer contribute to observed EBIC
signal.
Current-voltage traces were collected prior to and following application of bias
voltages during EBIC imaging Fig.5.1. GeNW MSM devices can be thought of as two
back to back Schottky diodes with potential barriers at each contact. This response
is representative of our GeNW MSM devices prior to application of a voltage bias
and EBIC imaging. In the MSM device configuration one contact will be forward
biased while the other is reversed biased. Many photo-diodes use this type of device
configuration for low dark current. After all EBIC measurements, the observed
current-voltage possesses a pronounced hysteresis, likely resulting from charging
and discharging of the induced dislocation(s).
EBIC scans were performed sequentially on the GeNW from Vb (= 0.5 V) to Vb
(= 5.5 V), with the exception of Vb = (0.96V) which was taken after all the other
measurements and shows the GeNW did not return to its initial state. At Vb (=
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Figure 5.1: (a) Schematic of EBIC measurements, (b) SEM image of MSM contacted GeNW
(diameter 60 nm, scale bar is 1 µm), and (c) EBIC images with Vb denoted in each. Each
image is normalized relative to a maximum current scale bar is 500 nm. (d) Current-voltage
data for the GeNW prior to (red, solid) and following (black, with crosses) EBIC imaging and
the formation of a localized high E-field near the anode and is attributed to dislocations. (d)
Current vs voltage measurements conduct before and after EBIC measurements are conducted.
The response before EBIC is characteristic of a MSM device with Schottky contacts at each
end. The hysteresis in the measurements after EBIC is attributed to dislocations charging and
discharging that were formed after impact ionization process.
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0.5V) the observed current response is only near the contacts; Ge has ambipolar
transport due to the high mobility of electrons and holes, and both contribute to
the response. For Vb (= 3.0 V), the GeNW is fully depleted and is seen to contribute
to the observed response and a peak emerges (1.1 µm), close to the anode. Further
increasing Vb (= 4V and 5.5V) past the point where the GeNW is fully depleted,
leads to an increase of the peak, to 10.0 pA at Vb = 5.5 V. Plots of the relative
potential within the GeNW are obtained by spatially integrating the EBIC signal
(Fig. 5.2). At Vb = 5.5 V the peak dominates the EBIC response and the resulting
potential profile (Fig. 5.2).
The most notable change in the EBIC response under increased bias and substrate
gating (Vg = -1.0 V, -3.0 V, Fig. 5.2) is in the vicinity of a peak near 1.1 µm. The
GeNW is not intentionally doped, suggesting an accumulation of holes under gating
conditions in the wire. A substantial increase in potential profile near 1.1 µm is seen
(Fig. 5.2) with increased bias and gating; the evolution of this feature suggests that
strong local E-field has formed, which maybe caused by dislocations induced from
high energy holes impacting the lattice.
The polarity of the applied bias was then switched to investigate the character of
the strong local E-field, the cathode is located at 1.3 µm and the anode at 0.0 µm
(Fig. 5.2). If the wire was not exhibiting a permanent change, then the profiles of
the EBIC signal would have had the same characteristic shape and slope gradually
up from the cathode to the anode, however this was not the case. For ∼300 nm
from the anode, a nearly uniform current (50 pA) is seen, beyond which it is seen
to decrease sharply. The localized strong E-field that we attribute to dislocation(s)
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Figure 5.2: (a) Current profiles taken from EBIC images at selected values of Vb for the GeNW
shown in Fig. 5.1 as denoted in the legend. The locations of the cathode (1) and anode (2)
are denoted by dashed lines. (b) Corresponding potential profiles obtained from integrating the
current. The EBIC profile for Vb = 0.96V (black, solid) was collected last among this series of
EBIC data on this device, and the local maximum in the EBIC current is seen to be much larger
than that collected for nearly all other (larger) values of Vb. (c) EBIC profiles collected at Vb =
6.5V with Vg = -1 and Vg = -3V. Also shown in (c) is that for reverse polarity (RP) (Vb = -6.5V),
and its corresponding potential profile (d) (dashed red lines in each); for the trace collected
under reverse bias, (1) and (2) denote the locations of the anode and cathode, respectively.
still dominate the response. The potential profile Fig. 5.2 exhibits a response (from
0.0 µm to 1.0 µm) that is similar to that under forward bias; under reverse bias the
potential has a sharp decrease past the dislocation(s) approaching the cathode.
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The last EBIC scan performed on this GeNW was collected under forward bias
(Vb = 0.96 V, Fig. 5.2), taken a full day after the other scans. The EBIC profile
now appears broadened, and extends to positions less than 1.0 µm. The response
is comparable to that collected from this GeNW previously at Vb = 5.5V, Fig. 5.2.
The strong local E-filed still dominate the response at Vb = 0.96 V which is below
the threshold identified for GeNW to be fully depleted . The formation of a strong
local E-filed that is attributed to dislocation(s) near the anode were observed in
five different GeNWs prepared and probed in the same manner as described above,
suggesting that this is a preferential location for the dislocation formation.
Measurements of local E-fields are also seen in SPC. The observed photocur-
rent is proportional to the local E-field along the axis of the NW, Iph(x) ∝ E(x) =
−dV (x)/dx for drift currents. Integrating provides a potential profile39–42 for NWs
and carbon nanotubes. Potential profiles obtained from SPC were compared to re-
sults from Kelvin probe microscopy, providing a strong correlation between the tech-
niques41. Contrast in EBIC measured along an axially-modulated NW heterostruc-
ture has been attributed to local electric field25. For our GeNW MSM devices, the
signal observed within the bulk of the NW is dominated by the local E-field and has
a clear voltage dependence. This indicates that the response is due to drift and that
the diffusion component is negligible. The GeNWs are fully depleted as indicated
by the E-field and the potential for applied volatges above Vb = 3V, (Fig.5.2).
The effect of electrostatic gating (Vg) on the EBIC response in a separate, (100
nm) diameter GeNW was also investigated (Fig. 5.3). The observed peak cur-
rents (∼1-3 nA) are nearly two orders of magnitude higher than the incident beam
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Figure 5.3: (a) Current profiles collected from a separate Schottky-contacted GeNW (diameter
100 nm) under Vg = 0V, -1V , and -3V after a dislocation near the anode (2) was formed under
the same bias condition as that for the other GeNW, with the cathode location denoted here
by (1). (b) EBIC profiles obtained with this GeNW at lower biases were qualitatively similar
to that of the wire shown in Fig. 5.2 although the response for this GeNW is considerably
larger than the incident beam current. Gating of the GeNW is seen to predominately affect the
dislocation(s) centered at 0.85 µm.
current (∼50 pA). The effect of gating is mainly seen at the location of the disloca-
tion(s) (Fig. 5.2). The region of the dislocation(s) also appears to have grown with
successive scanning and application of gate bias. Similar effects in the observed
EBIC current relative to the incident beam current were also observed in each of
four other ∼100 nm diameter GeNWs measured.
For the GeNWs studied, the preferential site for the formation of the disloca-
tion(s) is near the anode. The results, in terms of evolution of the potential in this
region, were consistent among multiple scans collected using different NWs at the
same sequence of bias and gating conditions; the EBIC response changes only fol-
lowing changes in the bias and/or gating. The largest relative local potential within
CHAPTER 5: EVOLUTION OF FIELD-INDUCED IMPACT IONIZATION 5.1 HOT CARRIERS
57
the GeNW occurs in the region adjacent to the anode where holes are subject to
the largest E-field. This, combined with the fact that the ionization rate for holes
is far greater than that for for electrons in Ge2 accounts for why the formation of
dislocations and a change in the local potential takes place near the anode. The for-
mation of dislocations at the anode is from hot carriers, primarily holes, created by
the electron beam that are accelerated by the applied E-field and impact the lattice.
The mean excitation energy of carriers generated from the electron beam in Ge is
∼2.3 eV. Since the incident electron beam has far greater energy than the band gap,
electrons are excited not only from the valence band but from the split-off band.
Further supporting our claim that these dislocation(s) are caused by ionization
from holes, the response of the dislocation region is influenced by gating. Under
the application of a negative back gate voltage the response from the strong local
E-filed region is in increased. With fewer electrons in the GeNW, recombination of
holes with electrons is decreased and a greater number of holes can participate in
the impact ionization process.
The local E-field and derived potential profile changes irreversibly after the for-
mation of the dislocation(s). The limited dimensions of the GeNW may also be a
factor in the dislocation formation near the anode, and its apparent growth and
dominance within the GeNW. The behavior of these dislocations is consistent with
that of micro-plasmas which are known to multiply carriers whether they are from
the excitation from light or an electron beam, or from carriers injected from the
contacts33–35. Micro-plasma sites are thought to be defects in the form of precip-
itates or dense arrays of dislocations35 that possess a strong internal E-field and
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can cause carrier multiplication. Harnessing the energy of hot carriers in solar cells
is of considerable interest in increasing their efficiency. We have created a region
of strong E-field that causes carrier multiplication, which is one of the proposed
routes to harvest the energy of hot carriers. Future NW based solar cells may take
advantage of such multiplication sites.
The formation of the strong E-field is attributed to dislocations in GeNWs that
result from hot carriers created by the electron-beam and accelerated from the ap-
plied bias voltages, greater than the depletion threshold voltage, and impacting the
crystal lattice. They form adjacent to the anode due to the higher impact ionization
rate for holes in Ge and propagate towards the cathode with the addition of higher
applied fields and gating. The change in the local potential and E-field persists even
when a much lower field is applied or the polarity of the measurement is reversed.
CHAPTER 5: EVOLUTION OF FIELD-INDUCED IMPACT IONIZATION 5.1 HOT CARRIERS
59
Chapter 6: GaAs/AlGaAs Core-Shell Nanowires
This chapter has been reformatted from the manuscript ”Sub-Surface Imaging of
Coupled Carrier Transport in GaAs/AlGaAs Core-Shell Nanowires ”
We demonstrate spatial probing of carrier transport within GaAs/AlGaAs core-
shell nanowires with nanometer lateral resolution and sub-surface sensitivity by
energy-variable electron beam induced current imaging. Carrier drift that evolves
with applied electric field is distinguished from a coupled drift-diffusion length.
Along with simulation of injected electron trajectories, combining beam energy
tuning with precise positioning for selective probing of core and shell reveals axial
position- and bias-dependent differences in carrier type and transport along par-
allel conduction channels. These results indicate how analysis of transport within
heterostructured nanomaterials is no longer limited to non-local or surface mea-
surements. Light-matter interactions in semiconductor nanowires are drivers of
new optoelectronic and photonic devices43–47. In III-V semiconductor heterostruc-
tures, the interface forms the basis for high-speed devices from band engineering
and modulated doping48;49. For instance, Type I heterostructures50 such as GaAs-
AlGaAs are beneficial for confinement of carriers and for transferred electron phe-
nomena51;52. Heterostructures in co-axial core-shell nanowires permit study of how
finite size, shape, strain, interfacial atomic structure, defects, and surface influence
electrostatic potential landscape and carrier conduction paths, thereby enabling
new nanoelectronic device paradigms53–55. In buried heterostructures such as a
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core with one or more surrounding shells, however, local information about excess
carrier transport within and between each component needed to understand de-
vice functionality is not readily available. Additionally, increased surface-to-volume
ratio in a nanowire is accompanied by surface traps, band bending, and surface re-
combination, all of which affect intrinsic electronic properties56–58. Despite remark-
able advances59;60, understanding of coupling of carrier transport within core-shell
nanowire components remains lacking. Thus, local probing of nanoscale contri-
butions from carriers within surface and sub-surface nanostructured components
under device operating conditions brings new insight into the operation and design
of nanoscale heterojunction-based devices.
Spatially resolved current mapping with local injection of excess carriers, e.g.
electron beam induced current (EBIC) and scanning photocurrent (SPC), yields
characteristic lengths such as the depletion width at a Schottky contact61, diffu-
sion length at a p − n junction or within a homogeneous material62, and defect-
induced band bending63. Effective in studying excess carrier transport dynamics64
at the interface of a semiconductor heterostructure, EBIC has superior lateral spatial
resolution compared to optical diffraction-limited SPC. While a sub-micron carrier
transport channel in nanowire devices is typical especially for ballistic transport
studies65, imaging along the NW radial direction demands much finer resolution:
this can, in principle, be addressed by EBIC where ultimate resolution is limited by a
combination of factors. Among these are electron optics and beam stability, carrier
trajectory and electron beam energy- and material-dependent interaction profile,
beam sweep rate and signal-to-noise, and drift.
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6.1 Drift-diffusion coupling
When the conduction channel is subject to external electric field, the field will drag
the excess carriers to form an asymmetric distribution. When diffusion is neglected,
the carrier distribution due to drift can be analytically expressed as,
∆n(x) = (∆n)0e
− t
τ ,where t = x
µnE
.
Comparing with the form ∆n(x) = (∆n)0e
− x
Ldrft,n , we can define the drifting
length Ldrftas,
Ldrft,n = µnEτ.
Since diffusion happens simultaneously with drift in reality, we couple the drift
component into the continuity equation of diffusion,
Dn
∂2∆n
∂x2
− µnE∂∆n
∂x
− ∆n
τ
= 0.
Using diffusion length Ln and drift length Ldrft,n, the equation can be written as,
L2n
∂2∆n
∂x2
− Ldrft,n∂∆n
∂x
−∆n = 0.
The solution of the above equation will follow the form of ∆n(x) = Ae−
x
L1 +Be
x
L2
L1 =
2L2n√
L2drft,n + 4L
2
n − Ldrft,n
;
L2 =
2L2n√
L2drft,n + 4L
2
n + Ldrft,n
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From the above modified decay length involving the effect from the electric field,
it can be easily seen that the length along the field will be extended while the one
against the field is reduced.
Derivation of drift component
The field dependence of decay lengths from the EBIC measurements can be fitted
to obtain Ldrft.
L2diff,n
∂2∆n
∂x2
− Ldrft,n∂∆n
∂x
−∆n = 0 (6.1)
Here drift length is introduced asLdrft,n = µnEτn, where µn and τn are the mobility
and lifetime of electrons and E is the electric field. Ldiff,n denotes pure diffusion
length and ∆n is the excess carrier concentration. Under stead-state injection as
boundary conditions, the solution for a decay length along the field is
L1 =
2L2diff,n√
L2drft,n + 4L
2
diff,n − Ldrft,n
(6.2)
It is obvious that Ldrft,n << Ldiff,nat zero or low bias scenarios and thereforeL1 ≈
Ldiff,n. If the field is extremely large however, the drift component will be domi-
nant, i.e. L1 ≈ Ldrft,n, although this is not attained in a real material due to the
sub-linear µ − Erelationship under high field. Nevertheless, the bias we applied
does not fall within a high-field range and we found the results using this analytic
expression agrees well with our results. Reversely solving Ldrft,n from (6.2), we
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have our results fit using Eq. 3:
Ldrft,n = L1 −
L2diff,n
L1
(6.3)
6.2 Interaction Volume
Taking advantage of the large penetration depth of an electron beam, we demon-
strate a highly versatile sub-surface functional imaging approach by combining the
selection of different beam energy regimes in EBIC mapping with Monte Carlo sim-
ulations of scattering of injected electrons and their trajectories. In a GaAs-AlGaAs
core-shell nanowire for example the beam interacts mainly with the surrounding
shell at low accelerating voltage (Vacc < 3 kV), whereas for Vacc > 5 kV the contri-
bution from the core is apparent, even dominant. When a higher energy beam is
used, a large penetration depth is accompanied by a expansion of beam interaction
area deep under the surface due to beam electron trajectory from the scattering
events. However, we found from the trajectory simulation results that a lateral
resolution of ≈10 nm can be achieved.
To avoid complication from effects due to electrical contacts66, devices were pre-
pared with Ohmic contacts on the ends of each nanowire core (Methods and Supple-
mentary). A field-effect hole mobility of 13 cm2V−1s−1 is estimated from back-gate
results67;68. The value is expected to be lower than the intrinsic core mobility due
to the shielding effect from the shell and insufficient coupling and inhomogeneous
field68;69.
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Figure 6.1: Evolution of the electronic landscape at the onset of small bias voltage. (a) EBIC
images and selected line profiles Vb = 0 V (middle) and Vb = 0.1 V (bottom) taken along
the center axis of the nanowire (red dash-dot line in SEM image). The right side contact is
grounded. The black dash-dot lines denote zero current. The scale bar is 500 nm. A circuit
diagram is superimposed on the SEM image to indicate the bias direction. (b) Series of EBIC
images collected -20 mV < Vb < +20 mV. Red dots indicate the location along the nanowire
where the sign of the current changes. (c) The EBIC central axis line profiles extracted from
(b). Profiles are offset by 50 pA for clarity.
6.3 Characteristic Lengths
For low Vacc (= 3 kV) and at zero bias Vb (Figure 1), the signal profile along the
axis of the nanowire is anti-symmetric due to diffusion and local injection-induced
field, an effect that is not intuitive, but has been successfully modeled numerically.3.
The central anti-symmetric point corresponds to a net zero current from the equal
number of carriers diffusing to either contact. When the injection point moves away
from the center (e.g. to the right), the induced field compensates the faster electron
diffusion and a net positive current is reached in steady-state. From 0 < Vb < 0.1 V
the EBIC axial line profiles reveal a remarkable transition from anti-symmetric, in
which the diffusion and injection induced field dominate the transport, to a peak
shape with the same sign of excess current and having nearly exponential decay
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Figure 6.2: EBIC at low accelerating voltage Vacc. (a) EBIC maps of a single NW device at Vb
= 0.1, 0.2, 0.3, 0.4, and 0.5 V (right side contact is grounded). White dashed lines indicate the
locations of the contacts. The secondary electron image (top) is collected simultaneously, and
the scale bar is 500 nm. (b) Line profiles along NW axial direction. Best fittings are shown in
solid lines (black) on both sides of the EBIC signal maxima. (c) the electron drift component
(solid squares) is separated from the diffusion-drift decay length (open circles); both are plotted
versus Vb. The line in (c) is a linear fit of the drift length vs. Vb.
on both sides (Figure 1a). It is due to the fact that the external electric field (even
at 0.1 V) is sufficiently large to overwhelm the effect from injection induced field.
We investigated the process of this transition more closely. By increasing Vb from
negative to positive in the vicinity of zero-bias (Figure 1b), a continuous shift of
the anti-symmetric point (≈1.2 µm over 40 mV) is evident. At even higher pos-
itive (negative) bias, the negative (positive) part of the signal is merged into the
corresponding contact and the entire profile evolves into having a unidirectional
sign.
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By introducing a larger uniform external electric field along the length of the
nanowire, the signal is significantly enhanced due to the drift current component.
The two mechanisms of transport, diffusion and drift, form a self-consistent carrier
propagation pattern characterized by a joint decay length. A peak appears indi-
cating a transition from electron- to hole-limited current. By moving the injection
point away from the peak, the number of excess carriers reaching their respective
collecting electrode decays exponentially. The sign of the current over the entire
nanowire is unidirectional. The contribution of drift component becomes more sig-
nificant at higher bias. Serial EBIC scans at biases ranging from 1 V to 5 V with the
interval of 1V are shown in Figure 2. When the bias is increased, the peak shifts
toward the carrier collector for which the corresponding type of carrier has lower
mobility. At Vacc = 5 kV, the beam mainly interacts with the shell. The peak shift is
not significant since AlGaAs has a low electron mobility and the mobility difference
between electrons and holes is minor. When the bias increases from 0.1 V to 0.5 V,
the electron decay length obtained by exponential fitting evolves from 0.60 µm to
1.05 µm and the hole decay length from 0.31 µm to 0.68 µm (Figure 2a, c). The
extracted lengths are also typical for Al0.24Ga0.76As70. Under bias, the decay lengths
are altered from the symmetric diffusion of carriers from a point injection, those
along the applied field extended and against the field shortened. A more quantita-
tive approach can be understood from the diffusion-drift continuity equation with
the drift term associated with mobility and electric field71 (Supplementary Informa-
tion). The derived drift component can be expressed as Ldrift,n = L1 - Ldiff,n2/L1
where drift length is introduced as Ldrift,n = µnτnE, with µn and τn the mobility
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and lifetime of electrons, respectively, and E the electric field. L1 is the measured
decay length, and Ldiff,n denotes pure diffusion length at zero bias.
The drift components derived from the extracted decay lengths are found to
be linearly dependent on the applied field. From the drift component, important
transport parameters are uncovered. Our result gives a µτ product of 2.78 x 10−8
cm2/V for electrons in the shell. An electron lifetime of ≈2 ns is expected58, and
thus the mobility is estimated to be ≈10 cm2V−1s−1. The value is lower than bulk
value probably due to a moderate doping and surface depletion. Considering the
additional contribution from the GaAs core at high bias, the actual value may be
even lower. Indeed, a small fraction of injected electrons penetrates deep enough
to reach the high-mobility GaAs core. A shift in the peak position toward the hole
collector is observed for Vb > 0.4 V when the core drift current component becomes
large enough. The phenomenon is more conspicuous for larger beam energies.
6.4 Selectively Probing Core and Shell
Progressively larger accelerating voltages, coupled with nm-scale lateral resolution,
enable high selectivity in sub-surface nanostructure component transport charac-
teristics. For example, with Vacc = 10 kV, the interaction volume reaches the GaAs
core (Figure 3c), where the signal has contributions from both the core and the
shell (Figure 3a). The integration of the Monte Carlo-simulated carrier density gen-
erated by the incident electron beam over different regions (i.e. core and shell)
enables construction of spatial profiles and differences in generation rates along
the nanowire radius within the core and shell (Figure 3d, Methods and Supplemen-
tary). Compared with Vacc = 3 kV or 5 kV, the generated carrier density in the
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Figure 6.3: Beam energy-selective EBIC revealing transport in GaAs core. (a) Illustration of
beam interaction with the two parallel transport channels having different excess carrier trans-
port properties. The different length of red arrows indicates the mobility difference and the
purple arrow indicates the possible interaction between the core and the shell. (b) Comparison
of the EBIC line profiles under Vacc = 5 kV (black) and Vacc =10 kV (red) at Vb = 0.5V. Inset
shows evolution of the decay lengths versus Vb for Vacc = 5 kV (black squares) and Vacc = 10
kV (red squares). Monte-Carlo simulations of (c) beam trajectories when the beam is on the
central NW axis and (d) carrier generation dependence on beam incident positions obtained
by integrating in core and shell areas in maps, for (c) in GaAs/Al0.24Ga0.76As nanowire cross-
sections with hexagonal facets, under two different values of Vacc. (e) EBIC profiles at central
axis (black) and side axis in shell region (red) as denoted in the inset (scale bar is 500 nm),
revealing opposite drift directions.
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core when beam position is at the center for Vacc = 10 kV is comparable to that in
the shell due to larger penetration depth. Indeed, the central profile involves both
the core and shell. Since the core electron mobility is expected to be significantly
higher, the average joint decay length is expected to increase as a result. A direct
comparison is shown in Figure 3b between scans under a 5 kV beam and a 10 kV
beam at Vb = 0.5 V. A clear increase of decay length at 10 kV is seen. In fact, such
increase occurs in the entire bias range from 0.1 V to 0.5 V (Figure 3b Inset). This
difference without ambiguity demonstrates that a high-mobility core contributes to
the overall EBIC with a dominating drift current component.
Striking differences in the EBIC profiles collected along the nanowire axis at
center and at side (the Monte-Carlo is shown in Figure S2b) reveal the effects of
different carrier properties in the core and shell, respectively (Figure 3e). For the
center profile where e-beam interacts with both the core and the shell, shifts in
the location of the observed peak with different bias are opposite that for the side
profile, where only shell is concerned. Again, the direction of EBIC peak shift de-
pends on the mobility difference. When Vb > 0.2 V the opposite direction of peak
shift between the central and side profiles is observed due to the dominance of the
core contribution at larger bias. For the core, the shift is toward the hole collecting
electrode due to electron having a larger mobility, whereas the shell shows a shift,
though not as significant, to the electron collecting electrode. Considering the ra-
dial distance between where the two profiles are extracted, these results explicitly
demonstrate that transport characteristics near a sub-surface heterostructure can
be resolved to within ≈10 nm in the imaging plane.
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Figure 6.4: High-resolution radial profiles at zero bias. (a) and (e) Radial line profiles extracted
at 200 nm intervals with Vacc = 10 kV and Vacc = 3 kV from EBIC maps (b) and (d) respectively,
where black dashed lines denote the corresponding axial locations from which profiles in (a)
and (e) have been extracted in an electrically-interfaced nanowire as illustrated in (c). Radial
line profiles presented in (a) and (e) have two colors: red indicates positive current and blue
negative. Grey areas in (a) and (e) denote areas exterior to the nanowire. Radial current
profiles are offset by 20 pA in (a) and 10 pA in (e) for clarity.
6.5 Radial Profiles
Radial profiles collected using different Vacc reveal carrier and transport types, and
degree of coupling between core and shell channels. Extraction of a series of radial
profiles collected using Vacc = 3 kV and 10 kV at zero bias along different axial posi-
tions reveals changes in the sign of the current in several profiles (Figure 4). Distinct
parallel transport channels from the core and the shell can be discerned at 10 kV.
Significantly, current sign inversion from core to shell within a radial scan at the
same axial channel position further indicates carrier transport in the two channels
is partially decoupled (i.e. the core and shell channels possess their respective zero-
bias profiles while the interaction between channels is negligible). Unlike carriers
with different properties in homogeneous material tending to form a self-consistent
ambipolar coefficient, the energy barrier at the core-shell interface impedes the in-
teraction between two individual transport channels. When the beam interacts only
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with the shell (Figure 4b) the difference in the current profiles is limited to only am-
plitude since the decay length is expected to be uniform in homogeneous material.
The EBIC scan in Figure 4d is identical to Figure 1a. We note that the hole is also
subject to the band bending which may facilitate a transfer of the holes in the shell
across the interface into the core. However, the shell holes have both a short re-
combination time and low mobility resulting in an insignificant contribution to the
overall current. Additionally, the surface depletion induced band bending drives the
hole to the reverse direction. Therefore, such effect is negligible in the EBIC signal
especially when the core and shell have similar values of hole mobilities. Finally, we
also note that, if axial profiles are extracted from Fig. 4d, the anti-symmetric point
(zero current) for the profiles on the shell portion (the side regions) at the axial
center point are consistent with those of 3 kV, both of which consist of the signal
from the shell section only. The fact that the zero current point in the core region is
not at the axial center of the NW is due to a difference in the contact resistance on
the core that arises inherently from the annealing process.
6.6 Summary
In summary, we have spatially resolved carrier transport in a core-shell heterostruc-
ture nanowire with unprecedented high resolution and capability of sub-surface
probing by energy variable EBIC. The coupling of unprecedentedly fine lateral res-
olution in current imaging with electron energy-based depth, guided by simulated
electron trajectories, now opens the possibility of simultaneous nanoscale discrimi-
nation of carrier type and dominant transport mechanism selectively within differ-
ent media in heterogeneous nanoscale electronic devices.
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Nanowire growth and device preparation. GaAs/Al0.24Ga0.76As NWs used in this
study are grown by Au-nanoparticle-catalyzed metalorganic vapor phase epitaxy
(Aixtron) on 111(B)-terminated GaAs substrates. The growth of GaAs NW cores
having diameters of 60 nm was carried out using (CH3)3Ga and (C4H9)AsH2 as
metalorganic precursors at a growth temperature of 400◦C, and AlGaAs shells with
thickness ranging around 70 nm were subsequently grown at 650◦C with the ad-
dition of (CH3)3Al. Low temperature photoluminescence (PL) is used to estimate
the Al percentage from shell band edge excitonic emission as previously reported72.
The GaAs core is lightly p-typed unintentionally doped with carbon from the pre-
cursors. The AlGaAs shell is n-typed doped with Si. With overall nanowire diameter
≈200 nm, a SiO2/Si substrate, and a moderate beam current of only 100 pA, the
thermoelectric current by local heating from Seebeck effect is negligible and there-
fore excluded from the analysis73. We used a multi-layer e-beam metal evaporation
consisting of Pd, Zn, Ti and Au for Ohmic contract formation. The out-diffusion of
Ga in the nanowire through Pd, activated by a rapid thermal annealing at 400◦C,
leaves vacancies for Zn to occupy and to form local doping under the contact area,
which promotes carrier tunneling and reduces the contact resistance. The devices
are defined with e-beam lithography (NPGS, Bozemann, MT) and the metallization
process is conducted in e-gun evaporator (BOC Edwards). All devices are subject
to gentle oxygen plasma cleaning for 5-15 minutes before measurement inside a
field-emission scanning electron microscope (FEI DB235, Hillsboro OR) chamber to
avoid residual carbon deposition in the vicinity of the beam.
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Electron beam induced current. Data were conducted with a custom-built low-
noise EBIC system (Mighty EBICTM, Ephemeron Labs, Philadelphia PA and Drexel
University) installed on a scanning electron microscope (FEI DB235). A transimpedance
amplifier was used to convert the current signal into a voltage. All measurements
were done in a DC configuration. The substrate was held at ground, the beam cur-
rent for all acceleration voltages used was ≈100 pA, and the dwell time at each
pixel before measuring the signal was 0.5 ms.
Spatial drift and vibrational noise correction. To enable longer scan times for
increased resolution, an algorithm was developed and implemented to remove drift
and vibrational noise from the images. The procedure locates the center of the
nanowire along the axial direction using the secondary electron image as a refer-
ence and computes the gradient for each line of the scan. The center is defined as
the average of the positions of maximum and minimum values of the gradient. The
data points are extracted around the center and repositioned.
Monte Carlo simulations. Electron flight paths through the GaAs-core, AlGaAs-
shell nanowire were simulated using Casino3.28. The simulation space was 200
nm by 200 nm by 100 nm with a grid spacing of 1 nm. The incident beam was
scanned radially along the nanowire in 5 nm increments at beam energies of 3 kV,
5 kV and 10 kV. The number of carriers generated was estimated in the core and
shell by dividing the energy lost at each point by 3Eg of GaAs and AlGaAs at 300 K.
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Chapter 7: Bandbending in Ge nanowires
The dynamics of locally excited carriers, electrons and holes, in semiconductor
nano-electronics, are integral to understanding and designing devices, particularly
nanowire devices that interact with light. Efficient carrier separation through radial
junctions for nanowire and nanorod based photo-voltaic cells47;74–79 and photo-
detectors has been the subject of much interest.
Due to the large surface to volume ratio of nanowires, the effects of band-
bending and surface states can dominate the behavior of a device, and have been
shown to be diameter dependent and can be advantageous36;80;81, or detrimen-
tal24;58 to the performance of a device. Surface states have been attributed to short
diffusion lengths of minority carriers in Si nanowires24. Surface effects can also lead
to completely depleting the semiconductor channel58. Bandbending from Fermi
level pining at surfaces has been attributed to unexpected behavior in wide range
of material systems from III/V58, Si24 and Ge36;80;82–84, and ZnO nanowires81;85;86.
Bandbending in Ge nanowire based photodetectors from trapped electrons at
the surface leading to an accumulation of holes and parallel conduction paths for
both electrons and holes has been shown to increase the sensitivity over larger Ge
nanowires with less bandbending and is highly diameter dependent80. It is well
known that the Ge/GeOx interfaces has trap states for electrons87. This has been
studied extensively using transport measurements . In bulk Ge the bandbending at
the interface of Ge/GeOx has been studied using time dependent transport mea-
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surements and has shown to have both fast and slow trap states88;89, and similar
results have been shown in Ge nanowires83. The effects of bandbending is so strong
that highly p-doped Ge nanowires, doping concentration and profile confirmed with
atom probe tomography and are expected to have n-type behavior, surprisingly have
a reduced conductivity compared to intrinsic Ge nanowires90. Ge nanowire devices
often exhibit hysteresis during transport measurements and are attributed to sur-
face states36;83;84. Different approaches have been used to understand the origin
and methods of passivation those surface states84;91.
Studying the effects of surface on bandbending has relied on a correlation of
techniques and modeling to identify the root cause. This body of work has been
overwhelmingly convincing that surface effects needs to be fully understood83;87;90
particularly with nano-electronics. Until now, there has not been a detailed study
that can directly image the filling up of surface states and how the number of occu-
pied states affects the formation of parallel conduction channels for electrons and
holes80;81;86. There is a growing consensus that surface states and their effects is
one of the major contributing factors in the performance of nanowire devices.
In this chapter we present the results from Ge a metal-semiconductor-metal
(MSM) nanowire device, where we directly image the evolution of bandbending
as charges get trapped at the Ge/GeOx interface depleting the wire and leading
to change in the conduction mode from being limited by the barriers at the Schot-
tky contacts to a ohmic type response from a higher concentration of holes. The
effects of surface band bending on Ge nanowires has been well documented mak-
ing Ge nanowires an excellent test bed for investigating new ways of studying the
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evolution of bandbending and how it evolves as surface trap states are filled.
7.1 Experiment setup
In Chapter 5, we saw the results of applying bias to nanowire and the onset of
impact ionization and permanent change in potential inside the nanowire. Often
when testing these devices the current response changes with sequential applied
bias.
In a series of EBIC scans at 0V bias, performed after a conditioning voltage
sweeps, of increasing magnitude from 0.1 V to 5.0 V was applied to the nanowire,
we captured the effects of the surface trapped charges and the formation of parallel
conduction channels for holes and electrons. Trapped electrons at the surface cause
an accumulation of holes in the outer radius of the nanowire. The center of the
nanowire remains charge neutral. The formation of parallel conduction channels
allows for the minority carrier(electrons) diffusion length to increase dramatically
increasing from 100 nm to extending over the entire length of the nanowire.
In a Ge nanowire contacted Cr/Au contacts we expect the device to have block-
ing Schottky contacts. When conducting transport measurements the contacts and
device are often conditioned from the current passing through the device. With
sequential measurements the current following through a device can substantially
increase with each voltage sweep. To understand how the character of this response
evolves, a series of EBIC scans are taken in between transport measurements at 0.0
V bias. The Ge nanowire was never tested before this point with any transport
measurements.
Each sequential voltage sweeps ranging from 0.2 V to 5.0 V. We measured the
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(a)
(b)
Figure 7.1: (a) Secondary image of Ge nanowire (b) EBIC image taken at O V bias, after a
5.0V voltage sweep showing parallel conduction channels for holes (outer shell) and electrons
(center), scale bar is 500 nm. The spatial resolution of the scan is 5 nm.
current from each of these sweeps in−situ without the electron beam present. The
voltage sweeps are bidirectional, going from 0 V to the maximum value and sweep
back to 0 V. All the EBIC scans are done in DC coupling mode at 0.0V bias.
7.2 Transport Behavior
Transport measurements are taken in-situ with in the SEM with the beam blanked
and DC coupled from the trans-impedance amplifier into the analog to digital con-
verters(ADC). The response measured form the voltage sweep is the dark current
response.
With voltages applied below 1 volt the response is exponential as we expect one
contact to be forward bias while the other is reverse biased. Instead of the current
saturating at higher voltages, the current takes on a ohmic type behavior. With
sequential scans from 1V to 5V each scan sees a substantial increase in both current
and hysteresis. Hysteresis in nanowires and devices is attributed to empty states at
the nanowire surface capturing and releasing electrons36;83;84 and can have a fast
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(a) (b)
Figure 7.2: In-situ current vs. voltage sweeps of Ge nanowire inside the SEM chamber with the
beam blanked(dark current response. Measurements are taken after EBIC scan held at previous
voltage.(a) Voltage sweeps from 0.2 V, 0.4 V, 0.6 V, 0.8 V, and 1.0 V with EBIC scans taken after
each sweep. (b) Voltage sweeps from 1.0 V, 1.4 V, 2.0 V, 2.5 V, 3.0 V, 4.0 V, 5.0 V, EBIC scans
taken after each each sweep.
or slow time response. The hysteresis of higher voltage sweeps is much smaller
when it is below 1 V and higher in ranges the nanowire has not been exposed to
for prolonged periods. The DC current below 1 V continually increases with each
voltage sweep.
This trapping of electrons at the Ge/GeOx interface can locally accumulate more
holes inside the nanowire. The nanowire is not intentionally doped and we assume
it is p-type. The sign of the current response in the depletion region at the contacts,
confirms the electrons are the minority carriers, as discussed in Section 7.3. To
understand the origin of the hysteresis and the nature of the conduction channels,
we turn to the EBIC images taken in between the progressive voltage sweeps.
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7.3 Evolution of Surface States
Examining the EBIC images as we progress to higher biases applied in the voltage
sweeps we observe two different behaviors emerge. In the center of the nanowire
we observe the expected behavior form a p-type MSM device, black lines in Figs.
7.3 and 7.4, where we have electrons, the minority carrier being collected by the
depletion region at the contacts with a negative current at the cathode, electrons
following into cathode, and a positive current at the anode, electrons following
into the anode contact. In the first EBIC image taken at 0V bias before any voltage
sweep is applied, band bending is not present in the middle of the nanowire. We
can clearly see the depletion region from the junction with the metal contact and
the diffusion length of electrons at the measurement side. The depletion region
at the other contact is much less visible. Most of the wire is neutral and no fields
are present away form the contacts. After lower voltage sweeps the side profiles
match that of the center profiles. At higher biases however, the side profiles have
the response of an ohmic response due to local carrier injection3, where the local
generation of charges creates a potential difference and carriers created here have
both a drift and diffusion component.
Imaging after higher applied voltage sweeps, we can clearly see that this portion
of the nanowire has response is that of an ohmic device, and that most of the poten-
tial drop is at the metal contacts and does not extend into the nanowire channel.
That the potential drop is greatest at the contact is evident in Fig. 7.1(b) where
the strongest response is observed underneath the metal contacts, even though the
spatial resolution in this region is degraded from increased scattering of the e-beam
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1.0 V
0.0 V 0.2 V 0.4 V 0.6 V 0.8 V 1.0 V
(a) (b)
pA
Figure 7.3: EBIC images from scans after 0.0 V to 1.0 V sweeps applied . (a) Sequence of EBIC
profiles along the left side(green), right side(blue) of the Ge nanowire axis, profile from the
center. Profiles are offset by 75pA for each scan. The profiles extracted from EBIC images (b).
(b) Scale bar for EBIC images is 100 nm.
from the Au contacts.
As higher voltages sweeps are applied the nanowire, and the EBIC scans in be-
tween we begin to see more of the nanowire respond from the beam. Both the
center and side profiles converge in the middle of the nanowire scan after the 0.2V
sweep. During this applied scan we begin to see more bandbending close to the
contacts but just outside of the depletion region of the MS contacts. Due to the de-
pletion region at the MS contacts, electrons are collected and do not have a chance
to fill surface states. This trend in the EBIC scans continues from 0.4V to 0.6V
sweeps where the side and center profiles along the nanowire axis diverge. The re-
gions with trapped electrons at the surface start from the contacts both anode and
cathode and after larger voltage sweeps are applied move towards the center of the
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Figure 7.4: EBIC images from scans after from 1.4 V to 5.0 V sweeps. (a) Sequence of EBIC
profiles along the left side(green), right side(blue) of the Ge nanowire axis, profile from center
(black). The cross over point for where the center(black) and side profiles(green, blue) diverge
is denoted with magenta circle. The first cross over point(after 1.4 V sweep) and the last(5.0
V sweep) are marked with cyan dashed lines. Profiles are offset by 75pA for each scan. The
profiles extracted from EBIC images (b), scale bar for EBIC images is 100 nm.
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nanowire.
The character of the center profile from scans after 0.8V to 5 V sweeps is due
to the diffusion of electrons towards the MS contacts. The side profiles shown
in blue and green from 0.8V to 5V in Fig.7.3 and Fig.7.4 show the evolution of
bandbending in the nanowire as progressively greater voltage sweeps are applied
to the device. The point where the center an side profiles are equal value is a
crosspoint is dependent on the local difference between the two signals. Overall,
with progressive scans this crosspoint tracks to the anode. When the difference
is greater at the cathode then at the anode, the point shifts further to the anode
2.0V and 2.5 V sweeps. When the local difference between center and side profiles
at the anode becomes more balanced the cross over point shifts slightly back 3.0V
sweep. This pattern repeats after the 4.0 V sweep when the cathode side difference
is greater and then shifts back once the anode side becomes more even.
7.4 Carrier Generation Profile
To understand the origin of the two different characteristic behaviors observed, an
ohmic response on the sides and Schottky in the center of the nanowire, we need to
consider the interaction volume and generation of carriers in those regions. That the
Ge nanowire is not intentionally doped and it is not a core/shell geometry, means
another effect must be present to cause this behavior. Generation of carriers can
be estimated using Monte Carlo simulations of electron trajectories through the Ge
nanowire. All measurements are conducted using a 10kV electron beam. The cross
sections represent the total energy dissipated in the nanowire from the beam. In
the simulation we take into account the density of Ge. The total number of carriers
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Figure 7.5: (a) Band diagram along the axis of the Ge nanowire depicting the depletion region
due to the Schottky contacts at either end. (b) Band diagram in radial direction in regions away
from Schottky contact, shows electrons in traps at the surface (black dots), and holes open
circles accumulating near the surface of the nanowire. (c) illustration showing the depletion in
gray
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Figure 7.6: (Monte Carlo electron flights simulations of 1000 electrons at -40 nm (a) , 0 nm
(b), and +40 nm(c) beam positions. (d) Radial distribution of carriers generated from beam
positions 45 nm to 5 nm, with 50 nm the center of the 100 nm nanowire. (e) Simulated cross
sectional profiles, total ∆ n , ∆ p created per incident electron within the nanowire moving the
incident beam position 5nm for each point in the depleted zone region I(green) and the neutral
zone region II(blue). Also plotted are the sum(red) of the two regions and the difference
(black).
both ∆n and ∆p can be estimated using Eq.7.1.
∆n,∆p =
Ed
3Eg
(7.1)
The shape of the interaction volume is highly dependent on both the incident
energy and the geometry of the sample. The difference of the response from the
sides and the center leads us to believe that the outer portion of the nanowire has
its bands bent and is in a mode of hole accumulation. To match this response, we
split the nanowire into different regions. One is bounded by an outer radius of from
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50 to 25 nm our estimate of the extent of the depletion region. The second is the
inner 25 nm that we expect to be charge neutral. We performed a series of electron
flight simulations with different incident beam positions in 5 nm steps from -45nm
to 45nm with zero indicating the center of the nanowire.
We consider the distribution of carriers in the radial direction for beam position
for 45nm to 5 nm in Fig.7.6(d). For scan positions of 45 nm and 35 nm the number
of carriers generated drops significantly at 10 nm and 20nm from the nanowire sur-
face. For scan positions from 25 nm to 0 nm the distribution flattens out with 5 nm
beam position having a even distribution of carriers in both regions. Integrating the
total number of carriers generated in each region we can produce simulated profiles
orthogonal to the nanowire axis, Fig.7.6(e). The profile can range in shape from
a sum of all the carriers generated in both region I and region II or the difference
of the two signals, we observe both extremes in the Ge nanowire. Given that the
observed EBIC current is much smaller than the DC component confirms that the
EBIC measurement is taking place in low injection mode.
7.4.1 Profiles across the nanowire axis
The nature of the signals is due mainly to holes in the outer region close to the
surface and electrons in the neutral region, and at the MS contacts we expect to
have a difference of signals for most of the wire. At zero bias the Ge nanowire has
almost no response outside of the MS contact region. From the EBIC scans after
0.2V to 0.6 V sweeps the middle portion of the wire is transitioning from a sum
of signals to a flattening of the signal in the center. The region just outside of the
depletion region from the MS contacts has the strongest signal of bandbending and
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Figure 7.7: Cross-section profiles and EBIC images after 0.0 V to 0.6 voltage sweeps, taken
at 150 nm intervals across the nanowire axis from corresponding EBIC image and voltage bias
profiles are offset -37pA for each interval the dash lines denote the section of the image plotted
in profile. The scale bar in the EBIC images is 100nm. The all units are in pA
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Figure 7.8: Cross-section profiles and EBIC images taken after voltage sweeps from 1.0 V to
4.0 V , taken at 150 nm intervals across the nanowire axis from corresponding EBIC image and
voltage bias profiles are offset -37pA for each interval the dash lines denote the section of the
image plotted in profile. The scale bar in the EBIC images is 100nm. The all units are in pA
matches the simulated difference profiles that we expect from the hole and electron
components. From either contact after the 1.0V to 5.0 V sweep we can clearly see
this transition continue until they meet in the middle of the wire, and there is now
a continuous conduction channel for both electron and holes.
7.4.2 Summary
We have shown the relation of surface trap states filling and the transport behavior
in the Ge nanowire device. As more surface states contain electrons there is greater
hole accumulation in the region below the surface of the nanowire as the whole
nanowire has bend-bending and an accumulation of holes throughout the device the
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current beyond 1V for each sequential voltage sweep goes up substantially. Through
Monte Carlo simulations, we have confirmed the shape of the side profiles and
have an estimate for the number of carriers created in both the neutral region and
the accumulation region below the surface we have estimated that this is region
approximately 25nm from the surface.
The outer region with an accumulation of holes leads the sides of the nanowire
to exhibit the response ohmic nanowire. We first observe this transition at biases
above 1 V from the profile scans it is evident that more electrons have been trapped
at the surface effectively lowering the resistance of the device.
The hysteresis in the transport measurements corresponds to a shift in the lo-
cation and number of holes in the accumulation region. Looking at the extracted
profiles along the side of the nanowire in the direct of the axis we observe the shift
of the cross over point and along the beam axis we have seen the cross sectional
profiles and how they become much more pronounced. Finally, we show the origin
of why surface bandbending can create gain in Ge nanowire based photodetectors
and measured a increase of the minority carrier diffusion length from 100 nm to
extending throughout the nanowire. This work represents the first time surface
bandbending has been directly imaged in a nanowire using EBIC. The techniques
demonstrated here can be applied to all radial junctions and hetero-structures in
nanowire based devices and greatly enhance our understanding how these devices
behave.
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Chapter 8: Local probing of Si MIS nanowire devices
In this chapter we look at the response of a Si nanowire Schottky device we explore
the region underneath an extended contact that is purposely electron transparent
to probe the behavior underneath the contact with nanometer resolution. In the Ge
MSM device in Chapter 7, we found the strongest response was the area underneath
the metal contacts. Due to the thickness of these contacts the electron beam scatters
and has a much larger interaction volume with the sample, limiting the spatial
resolution. The other limitations to working with VLS grown Ge nanowires is that
the doping level is hard to control as well as the doping distribution90. It is well
known that the native oxide in Ge isn’t stable and can trap charges, we explore this
in detail in Chapter 7.
To understand the dynamics of the behavior at the MIS junction, we designed
a test structure that would be well suited to answer these questions. We choose
to work with Si nanowires that are etched from a wafer using the MACE process,
explained in Chapter 4.2. These provide us a simpler system to work with in that
we can have a known doping concentration and type, a single crystalline and orien-
tation, and Si oxide, which is much more predictable than the Ge/GeOx interface
and more widely studied.
8.0.3 Test structure
The test structure for the MIS required that we have an electron transparent contact.
We choose aluminum as the contact material, as it scatters the electron beam to the
90
Deposition of Metal
Metal
Semiconductor
Wire
Depletion Region
Figure 8.1: Side view of MIS test structure Schottky contact is shown in yellow, deposition of
metal is directional and not continuous for thin extended contact that is electron transparent.
Si nanowire is shown in pink, with ohmic contact in grey.
same extent as Si and we can have a far smaller probe size and maintain control over
the interaction volume. The thickness 12nm of the Al contact was chosen so that it
was continuous, but sufficiently thin to minimize scattering in the contact. The MIS
contact was sputtered on to a window on the substrate. Sputtering provides a more
conformal thickness on the material and if the using multiple sources and rotating
the sample. We provided two ohmic contacts to the device to test only the transport
behavior in the nanowire.
8.0.4 EBIC of MIS nanowires
The EBIC results of the MIS Si nanowires show that we have not made Schottky
diodes as originally intended, instead we have the response of a MSM device. We
will examine these results and what they can tell us about the processing of these
devices, and identify opportunities to improve device performance. This is one of
the key applications of EBIC analysis, process discovery and validation.
If the sputtered Al contact was continuous, and created a junction at the nanowire
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Figure 8.2: (a)Secondary electron image of p-type Si nanowire with sputtered aluminum con-
tact and evaporated contacts,A thicker 120 nm evaporated contact goes over the sputtered Al
contact to maintain electrical continuity form the top of the nanowire to the electrode contacts,
scale bar is 2µm. (b) Progressive EBIC scans from 0 V to 4.0 V bias. The left contact is the cath-
ode the right contact is the anode. Acceleration voltage of the e-beam is 10kV, probe current is
100pA
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Figure 8.3: EBIC image of Si nanowire Fig. 8.2 with extracted profile(a) 4 V bias applied
to device, scale bar is 2 µm. (b)extracted profile from (a) along dashed line. Region 1,2
underneath MIS contact of sputter 12nm Al. Region 1(pink) denotes where diffusion length
near cathode. Region 3(green) drift/diffusion length from anode.(a) and (b) are aligned to
extracted profile.
surface, the area underneath the sputtered contact should have the highest re-
sponse. Additionally the oxide thickness on the Si nanowire could still be to thick
on the nanowires measured, making the barrier height to high to create a rectifying
junction. The oxide is native on these nanowires. At 0 V only the EBIC response at
the MIS contact and extending 1 µm into the nanowire is observed, Fig. 8.2. The
whole nanowire doesn’t have a response until 0.5 V bias is applied.
With an applied voltage bias of 2.0 V and above we start to see an depletion
region at the anode of the device, and a diffusion of electrons (minority carrier).
Looking at an extracted profile along the side of the nanowire from the evaporated
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Figure 8.4: SE and EBIC images collected from Si MIS NW device at 5kV.(a)SE image, scale
bar 2µm. (b)EBIC image (c) Extracted profile from (b) dashed line signal from MIS contact.
contact at the cathode, Fig.8.3(b) with a applied bias of 4 V, we see the diffusion
length of electrons from that contact in region 1. In region 2, under the MIS Al
contact there is an EBIC response from 2 µm to 3.5 µm, the thin Al contact appears
to have modified the fields inside the nanowire underneath the contact. From 7
µm to 8 µm we see a characteristic shape of a depletion region at the anode and
the diffusion length of electrons flowing into the anode. The nanowires measured
with EBIC were not annealed, which is a requirement for forming an ohmic contact,
where bonds between the metal and semiconductor need to be made. The response
at the anode is that of a blocking contact. From EBIC scans from 1 V to 4.0 V we
can see the response change as the contacts are conditioned from current following
through them.
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To understand the signal from underneath the MIS contact we examine a sepa-
rate nanowire at a incident beam energy of 5 kV, Fig. 8.4(b). At the cathode at the
edge of the evaporated contact on top of the thin Al extended contact we see the
same diffusion length. From 2µm to 2.5µm the response on the extracted profile
is flat, until it transitions again. This is the same response of the profile shown in
Fig.8.3(b) in regions 1 and 2. It is clear that the thin Al contact modifies the surface
and E fields of the nanowire. The nanowire doesn’t respond to the e-beam outside
of this region. That the diffusion length is much shorter and signal level is much
lower at the cathode is a result most likely of a oxide that is to thick to make rec-
tifying junction and limiting the current that passes through the device. Annealing
is important for forming ohmic contacts, but is also key to forming a Schottky con-
tact and can lead to better device performance and less interface states and higher
barriers .
An applied voltage bias also effects the response underneath the MIS contact,
As we saw with the other MIS Si nanowire devices, the anode is conditioned from
applying a voltage bias. This conditioning allows a conduction path for electrons
out of the nanowire. Line profiles extracted from EBIC scans at 0V and 6 V, Fig. 8.5
show a transition at the edges of the nanowire, where we know from Chapter 7 are
more likely to have band bending, from a less negative response compared to the
background signal to a positive current. The left side of the nanowire has a stronger
response to the beam in both sets of profiles. The profiles of the 6 V scan also show
the response from right edge of the nanowire as well.
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Figure 8.5: EBIC images under MIS contact of Si nanowire with extracted profiles denoted by
dashed black lines(a) 0 V bias, scale bar 125 nm. (b) 6 V bias, scale bar 150 nm. EBIC profiles
are offset by -40 pA and are extracted from EBIC images at the dashed lines.
8.0.5 Summary
We have shown that the quality of the oxide and thickness is the limiting factor in
making MIS nanowire devices. The active area of the device primarily at MIS junc-
tion and not in the channel of the device which had a flat response. The variations
observed underneath the MIS contact are likely due to an uneven oxide thickness.
The evolution of the depletion region at the anode is the result of the contact be-
ing conditioned from current following through the device. Before the anode was
conditioned it was highly blocking. The observed signal level difference at the MIS
cathode and anode indicates that the oxide was successfully etched before the an-
ode contact was put down, but still formed a blocking contact even though Al is a
p-type dopant because of interface states a lack of bonds between the metal and the
semiconductor. To improve on the quality of the device an annealing process and
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growth of a low interface trap density oxide layer are needed.
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Chapter 9: Applications to Other Systems
In looking beyond semiconductor nanowires, there are many other devices and
material systems that we can investigate with EBIC. The increased resolution and
sensitivity we have demonstrated presents an opportunity for far more in depth
analysis than is possible with other techniques.
In this chapter we will highlight results from electron beam absorbed current
(EBAC) using a single contact and resolving domains of ferroelectric materials BFO
and PZT. These domains are normally imaged with piezo-force microscopy (PFM),
our results have a direct correlation to PFM measurements.
We introduce applications of EBIC to 2D semiconductor materials, namely MoS2.
With sheets of materials and junctions that are only one or two mono-layers this ma-
terial class represents an limit in the thickness of interfaces. While most materials
used in semiconductor devices at reduced dimensions it is necessary to consider
the effects of termination of surfaces, in the case of 2D materials the material is
the interface. The task of understanding these materials is well suited to EBIC be-
cause the interaction volume is limited to a single mono-layer and resolution will
be unparalleled due to a lack of the beam spread from scattering events.
Finally we investigate depletion region of a PN junction in a commercial Si solar
cells. EBIC has been used extensively to investigate defects in solar cells and to
characterize junctions . However, due to the limitations of most EBIC measurement
systems in that they have limited sensitivity and dynamic range there is much infor-
98
mation that goes missing. The results we show not only image the depletion region
and the diffusion lengths of the minority carriers, we show a superimposed signal
due to local variations in doping and how dopants interact with each other.
9.1 Electron Beam Absorbed Current
Anisotropy in the crystal structure is one mechanism in bright field contrast in trans-
mission electron microscopy (TEM)92. Anisotropy is also seen in backscatter elec-
tron signal6. The simplest way to to approach this is to see that changing the orien-
tation of the crystal changes the probability of scattering events. We propose that
this net difference in scattering events effects the absorbed current when imaging
materials outside of depletion regions. The results in this section are comparable
quality to broad view TEM and represents a non-destructive alternative to imaging
with TEM.
9.1.1 Bismuth Ferrite
Bismuth Ferrite (BFO) is a ferroelectric material with domains where the cation and
anion displacements result in polarization in the lattice along a set of directions.
Originally we intended to measure EBIC response of the potential across domains
with two electrodes parallel to the domain walls. This was demonstrated with
exposure to light of having very large photo-voltages . Due to extremely high leak
currents we were not able to get a EBIC signal. We then removed one of the contacts
and imaged again, measuring the electron beam absorbed current. What we found
was domains in the material.
In this imaging mode the transimpedance amplifier is replace the system ground
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Figure 9.1: (a)Bismuth Ferrite Domains imaged by EBAC, scale bar in 250 nm. (b)Profile
extracted from (a) orthogonal to domain orientation denoted by dashed line. Signal level is less
than 0.5 pA between domains
of the SEM, where it can source or sink current to maintain charge neutrality. The
signal level between domains is only 0.5 pA from peak to peak, Fig. 9.1. The
number of electron-hole pairs generated is still the same in the material in EBAC
mode however their is no separation of carriers so that recombination dominates.
The observed signal is from local differences in the generation and recombination
rates. Crossing the domains is the atomic step height from the STO substrate.
Samples with similar structures were imaged using both PFM and later pulled
out and imaged with TEM showed dynamic switch on domains using bright field
contrast93. TEM is regularly used to investigate BFO and other ferroelectric materi-
als such as PZT94.
Carbon deposited deposited on the sample from hydrocarbons in the SEM diffus-
ing to the beam decomposing, does cause an offset in the amount of current being
absorbed. This offset however doesn’t change the relative difference in absorbed
current between domains, Fig. 9.2.
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Figure 9.2: Carbon contamination from overlapping scan blue area as an offset compared to
red area. Contrast mechanism does not change, scale bar is 320 nm.
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Figure 9.3: EBAC of PZT A and C domains are visible ,scale bar is 540 nm, acceleration voltage
of 5kV
9.1.2 Lead Zirconate Titanate
In a PZT sample grown by MBE, in the absorbed current mode we see c domains
that are needle like that are surrounded by a domains. The scan direction is at a 45
degree angle to the c domains, Fig. 9.3. As we take a closer look at the domains in
Fig.9.4, there appear to be defects in the crystal material that are all orientated the
same way and have three points separated by 120 degrees.
These results are preliminary, but could result in an imaging mode that could
have broad application to a wide range of materials. The obvious progression of
this work is to tilt the sample and see if the contrast does indeed change.
CHAPTER 9: APPLICATIONS TO OTHER SYSTEMS 9.1 ELECTRON BEAM ABSORBED CURRENT
102
pA
Figure 9.4: EBAC of PZT both A and C domains are visible, with triangular defects with the
same crystallographic orientation, scale bar is 240 nm.
9.2 2D Materials and Devices
With the discovery of graphene95 numerous analogous single mono-layer semi-
conductor materials have been investigated as transistor materials. Molybdendum
disulphide has attracted considerable attention in that is is analogous to graphene
but it has a bandgap in the visible96. MoS2 transitions from and indirect semicon-
ductor for more than 2 layers to a direct bandgap semiconductor with one mono-
layer.
In both Fig9.5. and Fig. 9.6, we can trace layers of MoS2 as they go underneath
one another. Ripples resulting in the deposition process of the MoS2 onto the wafer,
from the same mechanical cleaving process used to isolate graphene (scotch tape
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Figure 9.5: EBIC response of MoS2 device with two electrodes at 0V bias, the sample has
multiple layers that overlap, scale bar is 1.5 µm
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Figure 9.6: Higher magnification scan showing one electrode of MoS2 device at 0 V bias.
Interfaces between layers are visible in EBIC mode as well as folding of layers., scale bar is 620
nm.
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Figure 9.7: Multi layer MoS2 device with Cr/Au contacts(a)1 V bias (b) 3 V bias (c)5 V bias.
Scale bars are 620 nm.
method), are also evident in these scans.
When applying a bias to the material we see a depletion region form near the
anode contact. With a greater applied bias, the response goes from a both positive
and negative current below 3 V to all positive at a bias of 5 volts.
As with the nanowire devices, in MoS2 we can perform EBIC studies with volt-
ages applied and evaluate the quality of the contacts and behavior of carriers with-
ing the device and how the are modulated by local variations.
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Figure 9.8: Cross section of Si solar cell p-type substrate with n-type top layer simultaneous
sampling of SE and EBIC (a)SE image, scale bar 5 microns(b)EBIC image, scale bar 5 microns,
green dashed line shows position extracted profile.(c)Extracted profile from (b), inset shows
close up profile of ridges due to doping profile(d) natural log of (c) (inverted) with least squares
fit LP , dashed red line and Ln dashed green line on either side of depletion region.
9.3 Solar Cells
EBIC has been used in measuring the cross section Si PN junctions for some time10–12;14–16.
Normally the depletion region extent and the diffusion lengths of the minority car-
riers is the main focus of EBIC measurements. In this case we demonstrate that
there is far more information than was previously assumed. This can be attributed
entirely to the increased dynamic range of the Mighty EBIC system.
We imaged a cross section of a micro-cleaved Si solar cell with EBIC and SE
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image simultaneously at an accelartaion voltage of 5 kV. In Fig.9.8(b) there are a
number of bands that are evident outside of the depletion region on both the P
side and N side. These bands are periodic when we look at a extracted line profile
from Fig.9.8(c) we see form the inset that these bands appear to be mini depletion
regions with diffusion on either side.
In this type of graded junction, doping is achieved by bombarding the sample
with ion implantation process at different energies. To activate these dopants and
make bonds with the lattice, the sample must be annealed causing some diffusion
of the dopants locally. The dopants that are already in the sample compensate each
other.
The diffusion lengths of the overall solar cell appear in Fig. 9.8(d) where we find
the diffusion length for holes to be 5.96 microns by taking the natural log of the
EBIC profile on the n-type side. On the p-type side we find the diffusion length of
electrons to be 12.70 microns.
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Chapter 10: Conclusions and Future Work
10.1 Conclusions
We have demonstrated the ability to locally probe and image carrier dynamics on
the nanoscale in complex geometries.
In germanium nanowires we have observed within MSM devices applied voltages
leading to the complete depletion of the channel and extracted relative potential
profiles. With increasing bias past the flat band condition we observed the onset
of impact ionization from holes and the creation of a built-in E field with in the Ge
nanowire device. The impact ionization was further enhanced when the nanowire
device was back gated with a negative potential leading to an accumulation of holes
reducing the number of electron available for recombination.
Studying the effects of current passing through a Ge nanowire and being condi-
tioned we imaged with EBIC with 0V bias applied after voltage sweep. Here we saw
the evolution of electrons getting trapped in the germanium oxide and leading to
an accumulation of holes at the nanowire surface and bandbending in th radial di-
rection. The bandbending started at the contacts and with greater voltages applied
in the in-situ transport measurements moved towards the center. As more of the
surface states were filled, the diffusion length of electrons, the minority carriers,
was greatly enhanced.
In the radial hetero-structure of ohmic contacted GaAs/AlGaAs core/shell nanowire
we used depth profiling to measure the electron mobility of the AlGaAs shell. With
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deeper interaction volumes we probed the properties of both the core and shell
materials and observed.
With Si MIS devices we demonstrated the value of EBIC towards refining semi-
conductor processing by spatially identifying and measuring the local electric fields
at interfaces and contacts. We determined that better control of the thickness of ox-
ide at the MIS junction was needed to make a rectifying contact and the annealing
processing needed to be refined to make ohmic contacts.
Utilizing electron beam absorbed current we were able to locally map the dif-
ference between recombination and generation that was dependent of polarization
and distortion to the crystal lattice in ferroelectric materials BFO and PZT. This
technique can also be expanded to the studying of defects outside depletion regions
in a wide number of material classes.
10.2 Future Work
EBIC as a metrology technique can probe carrier dynamics in nanoscale structures
with a resolution not accessible by other methods. The value of this technique has
great promise in providing a deeper understanding of the way materials interact
and create fields within a device. The greater potential for EBIC however lies in
correlative microscopy where a much fuller picture of how a device operates not
only with electric fields but energy levels and carrier lifetimes, and changing oper-
ational conditions. The implications of this for processing technology could great
accelerate the pace of innovation and lead to more discoveries.
The most obvious choice for correlative microscopy technique with EBIC is cathode-
luminescence (CL), where carriers lifetimes, in time resolved CL, and energy spectra
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from radiative recombination can be directly measured from the emitted light. CL
typically requires using low temperature, liquid helium range, to decrease the ef-
fects of surface states where carries can non-radiatively recombine. This can be
advantageous for EBIC in exploring the effects of temperature on carrier dynamics.
The optics required to measured the recombinative light in CL, can also be used
to excite with light and probe the effects quasi-Fermi levels with EBIC. This also
presents the possibility of measuring in micro-Raman, and photo-luminescence in
the same field of view as EBIC and CL. Through the work of Ephemeron Labs with
Attolight this combined EBIC and time resolved CL system is being developed.
Correlative microscopy, is not limited to in-situ measurements. Using spatial
markers on a sample, ex-situ measurements can be combined with EBIC and CL into
a datacube. The most obvious choices are correlating scanning probe techniques
and TEM with EBIC and CL.
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